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Abstract
Rhodium Catalyzed C-H Bond Functionalization: Development of Methods and Applications in
Organic Synthesis
By

Andy Siu-Chun Tsai

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Robert G. Bergman, Chair

Chapter 1. A sequence of research projects beginning with studies in diastereoselective
C-H bond functionalization applied to the synthesis of (—)-incarvaillateine to the Rh(lll)
catalyzed arylation of imines, are described. Some theory and mechanistic considerations are
discussed in relation to the genesis of these projects. Research directions are summarized and
rationalized.

Chapter 2. The synthesis of (—)-incarvillateine utilizing a key C—H bond alkylation step
is described as a means to highlight the synthetic utility of a newly reported olefinic C—H bond
functionalization methodology. Elements of diastereoselectivity are also explored in the key
step which allows for the concise, stereoselective synthesis of the natural product. Progress in
the area of enantioselective C—H alkylations are also summarized as it applies to the synthesis
of other natural products.

Chapter 3. A method for the enantioselective cyclization of N-allylimidazoles is
developed. The reaction is thought to proceed via a novel, reactive N-heterocyclic carbene.
High enantioselectivities are achieved, which is unusual in view of the elevated temperatures of
the reaction.

Chapter 4. The first general method for the oxidative coupling of unactivated alkenes
via C—H bond functionalization is reported using a methyl oxime directing group. A silver
abstractor is important to obtain reactivity. Several functional groups are compatible with the
reaction and no precautions to exclude air are required.

Chapter 5. A rare example of C—H activation and intermolecular coupling to N-
protected-imines is achieved using a cationic Rh(lll) catalyst. The reaction is directed by
pyridines and related heterocycles and produces a variety of aryl-branched amines. The
reaction accommodates several reactive functional groups and is mild enough to even couple
with sensitive alkyl N-sulfonyl-imines.
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Chapter 1. Introduction

Following the synthesis of (-)-incarvaillateine via a diastereoselective C—H bond
alkylation, a method for the enantioselective cyclization of imidazoles was developed.
Continuing on the theme of exploring selectivity, regioselectivity in C—H bond alkylations was
investigated and subsequently led to a method for the oxidative coupling of unactivated alkenes
using a cationic Rh(lll) catalyst. This catalyst was also found to effect the arylation of N-Boc-
imines via C—H bond activation of 2-aryl-pyridines. A tangentially related topic in the area of
tandem chemistry is also discussed.



Introduction

Carbon-hydrogen bonds represent the most common bond in organic chemistry.
However, except for acidic C—H bonds, they are generally unreactive and are not used as
“functional handles” in synthesis. Methods for selective activation and functionalization of these
unreactive C—H bonds potentially open up many new possibilities for efficient synthesis. One
challenge in the area of C—H activation is that of selectively activating one particular C—H bond
in the presence of several other nearly identical ones. Chelation assistance has been used to
overcome this problem for transition-metal catalyzed reactions. Through the use of heteroatom
“directing groups” which guide the transition-metal to a specific C—H bond, selective activation
can be achieved. A wide variety of directing groups such as aldehydes, carboxylic acids,
imines, amides, and various heterocycles have been utilized for this purpose (Figure 1.1).
Once selective activation is attained, a suitable coupling partner such as an alkene or an aryl
halide is used to functionalize the C—H bond and close the catalytic cycle.’

Figure 1.1. Sampling of directing groups used for transition-metal catalyzed C—H activation

_O HO.__O _NR HN/kO X__N
H H H | H H
X=0,8 N

As C—H functionalization is a relatively new field, priorities in this area are to improve
generality (i.e. wider types of substrates) and increase reaction scope (ie more coupling
partners) to make other useful products. My research has focused the use of rhodium for
elaboration of C—H functionalization substrates and the types of coupling partners for these
reactions. In my synthesis of (—)-incarvillateine, an potent analgesic natural product, |
demonstrated that a,B-unsaturated imines can be activated and intramolecularly coupled to a
trisubstituted alkene in a diastereoselective fashion. The concise synthesis of this natural
product highlights the value of C—-H functionalization as a simplifying method in organic
synthesis. | then developed a method for the enantioselective alkylation of N-allylimidazoles.
Such enantioselective reactions in the field of C—H functionalization are rare and this method
demonstrates that further progress in the field will enable new strategies to assemble molecules
stereoselectively.

In efforts to expand the range of coupling partners in C—H functionalization, | developed
conditions which allowed for the oxidative coupling of unactivated alkenes and the coupling of
protected imines. Up to this point, oxidative coupling of alkenes via C—H activation have been
limited to “activated” olefins such as styrenes and acrylates. However, in using a
[Cp*RhCl,]o/AgSbFe system, coupling of simple aliphatic olefins was accomplished for the first
time. The same catalyst system was also shown to activate C—H bonds and couple to imines,
making branched amine products. Such reactivity with imines has not been observed before for
these systems and produce products which are common motifs in many drugs and natural
products.

Synthesis of (-)-incarvillateine
One of the first synthetically useful rhodium catalyzed C—H functionalization
methodologies was reported by Jun and coworkers. They found that using Wilkinson’s catalyst,

ortho C—H bonds can be activated and added across the double bond in terminal alkenes to
form ortho alkylated products (Scheme 1.1A).2 Later, our group showed that if the reaction was
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performed intramolecularly, the substrate scope could be dramatically broadened to include di-
and tri-substituted alkenes.  Furthermore, using chiral ligands, the alkylation could be
accomplished with high enantioselectivity (Scheme 1.1B)?

Scheme 1.1. Early examples of C—H bond functionalizations

A. Rh catalyzed C-H bond alkylation by Jun

. RhCI(PPhy)s NB
"+ AR 82-97%
H R

B. Enantioselective C-H bond alkylations by Ellman and Bergman groups

R{-__NBn R, _NEn
. R
&H£R3 L o 70-95% ee
X=CH,, O )
X" R, 2 X Ry

While functionalization of aromatic C—H bonds has been fairly well explored, the
analogous functionalization of olefinic C—H bonds has been less well developed. Early
examples from the Trost and Murai groups were limited to cyclic substrates and only to terminal,
non-isomerizable alkenes (Scheme 1.2A).* Our group showed that using electron rich rhodium
catalysts, aliphatic a,B-unsaturated imines could be activated at the 3 C—H bond and coupled to
a wide range of terminal alkenes.® The resulting products after hydrolysis are highly substituted
alkenes that would be difficult to synthesize stereoselectively through other methods (Scheme
1.2B).

Scheme 1.2. Functionalization of olefinic C—H bonds

A. Olefic C-H bond functionalization of cyclic a,B-unsaturated ketones from Trost and Murai groups

Ry Rq
X RuH,(CO)(PPhs)s N 0 Ro= Si(OEt);
Ef 0 + R I Si(CHa)s
H R, CeHs
X =CH,, O

B. Olefinic C-H bond functionalization of aliphatic o,3-unsaturated imines from Ellman and Bergman Groups

RhCl(coe
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My first project was to apply the olefinic C—H bond functionalization to a natural product
(Chapter 2).° The goals of this were three fold. First was to demonstrate the synthetic utility of
the reaction. Also through the synthesis, we hoped to be able to elaborate the reaction scope.
Finally, the target we chose, (—)-incarvillateine, allowed us to explore elements of
diastereoselectivity in the key C—H bond functionalization step (Scheme 1.3). As a follow on to
this synthesis, enantioselective alkylations were also explored as a means to access several
other natural products.



Scheme 1.3. Synthesis of (—)-incarvillateine via C—H bond functionalization
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Enantioselective Cyclization of N-Allylimidazoles

(-)-incarvillateine

Continuing on the theme of stereoselectivity, enantioselective cyclization of N-allylic
imidazoles was also achieved using TangPhos as a chiral ligand (Chapter 3).” This ligand was
singularly active and selective for the title reaction. Excellent enantioselectivities up to 98%
were achieved even at the elevated temperatures of the reaction (Scheme 1.4).

Scheme 1.4. Enantioselective cyclization of imidazoles via C-H bond functionalization
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R
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10 examples TangPhos
71-92% Yield
53-98% ee

135-175 C

Oxidative Coupling of Unactivated Alkenes

Having investigated the diastereoselectivity and enantioselectivity of C-H bond
alkylations, regioselectivity was next explored. In particular, we wanted to reverse the
regioselectivity normally observed in the coupling of terminal alkenes. Generally, C—H
activation and coupling with terminal alkenes provide linear products when using Rh(l) catalysts.
This can be explained by the fact that the regio-determining insertion of the alkene into the
rhodium hydride bond of the intermediate occurs such that the bulky rhodium complex is placed
at the less sterically hindered terminal position. This naturally leads to the linear product after
reductive elimination (Scheme 1.5A). However, whereas Rh(l) catalysts activate C—H bonds by
oxidative addition to form Rh(lll)-hydrides, Rh(lll) catalysts activate C—H bonds by electrophilic
deprotonation.® This leads to an aryl-Rh(lll) species with no hydride ligand. Thus, insertion of
the alkene can only occur across the aryl-Rh(lll) bond. Again, the regioselectivity of this
insertion places the bulky rhodium complex at the terminal position of the alkane. However, in
this case, a branched product is formed after protonolysis (Scheme 1.5B).

Adapting conditions from the Jones group, 1.1 was exposed to [Cp*RhCl], and NaOAc
in CH,Cl, (Scheme 1.6).2 Small amounts of the five membered ring (1.3) were observed by
NMR. This is significant because the regioselectivity of this Rh(lll) catalyzed alkylation is the
reverse of that observed for Rh(l) catalyzed reactions which generate the six membered ring
(1.2, Scheme 1.6).



Scheme 1.5. Mechanisms of Rh(l) and Rh(lll) catalyzed alkylations

A. Mechanism of Rh(l) catalyzed alkylation

R
H
ey Rh()) NBn Rh Z R g RhAH( NBn
oxidative addition
Linear Product
B. Mechanism of Rh(lll) catalyzed alkylation
th2
Rh(IDX;  HX NBn RhX, HX NBn\jER
BnN/R\h(lll) )J\Iij
via ) Rh(IDXs  Branched Product

Electrophilic Deprotonation

Scheme 1.6. Regioselectivity of alkylation with Rh(l) and Rh(lll) catalysts

Bn Bn 10% [Cp*RhCly]; NBn
RhCI(PPhs)s 60% NaOAc
DCM (0.1M)

60 °C
65% Yleld 15% NMR yield
1.3

Unfortunately, conditions for the synthesis of 1.3 did not translate to intermolecular
couplings. However, subsequent exploration with Rh(lll) catalysts lead to a method for the
oxidative coupling of unactivated alkenes, which up to this point were generally unknown
(Scheme 1.7). Good yields are achieved and several commonly encountered functional groups
are compatible with the method (Chapter 4).°

Scheme 1.7. Oxidative coupling of unactivated alkenes

MeO [Cp*RhCl,], (5 mol %)
\I H AgSbFg (20 mol %)
Cu(OAc), (2.1 equiv)
. | N+ R 2
L LALY THF
e R

R = alkyl, aryl, CO,Et
Arylation of N-Boc-Imines

Rh(lll) catalysts also became instrumental for the arylation of imines via C—H bond
activation. Previous attempts to accomplish this transformation focused on Rh(l) catalysts that
were not reactive toward imines. This could possibly be due to the fact that the imine would
insert across the intermediate rhodium-hydride bond iwith regiochemistry opposite to that
would be required to make a C-C bond. Instead, the insertion leads to a rhodium amide that
may be a catalytic dead end (Scheme 1.8). Thus, attempts were made to convert intermediate
1.4 to a species that would be able to arylate imines with the desired regiochemistry. In



particular, converting 1.4 to an aryl-rhodium (l) species (1.5, Scheme 1.8), should then allow for
arylation of imines in a manner similar to that observed with aryl boronic acids.

Scheme 1.8. Initial proposition for the arylation of imines via C-H bond activation

ci () R__Ph
| Rh(1)CI N RNZPh R Wrong
DG\© DG\© DG H Regiochemistry
Oxidative Addition
1.4
Rh) RhRN___Ph HRN__Ph
A~ H
DG RN™ Ph DG ™ bpe
-Rh

1.5

Two methods were explored to convert 1.4 to 1.5 (Scheme 1.9). The first attempted to
promote reductive elimination of HCI from 1.4 through the addition of bases (Scheme 1.9A).
When that failed, halide abstractors were also added, but no Rh(l) complex was ever observed
and arylations of polar functional groups were not detected. The second strategy involved
displacement of the Cl ligand with a methyl group (Scheme 1.9B). The new complex would then
reductively eliminate methane gas to generate 1.5. This method also gave a species that failed
to react with imines, aldehydes, or nitriles.

Scheme 1.9. Approaches to form 1.5

1
H ENCRY Rh())
DG Rh(I)CI DG Base DG
A.
Oxidative Addition
1.4 15
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Rh(lll) catalysts provide a straight-forward route to 1.6, a Rh(lll) analogue of 1.5
(Scheme 1.10). While an aryl-Rh(lll) species should theoretically insert across imines with the
correct regiochemistry to form a C—C bond, such a transformation has not been demonstrated.
Nonetheless, the approach was explored and was successful for the pyridine directed arylation
of N-Boc-imines (Scheme 1.11, Chapter 5)."

Scheme 1.10. Mechanism of Rh(lll) catalyzed arylation of imines

RhX
Rh(IIX RN, o HX RHN__ph
H Rh(ll1)X5 HX e (Imx; Ph
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Scheme 1.11. Pyridine directed arylation of N-protected imines.

[N IS
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The demonstration that Rh(lll) catalysts are able to activate C-H bonds for additions
across imines suggest that several analogous reactions that lead to addition across other
common polarized unsaturates (aldehydes, nitriles, isonitriles, isocyanides, etc) might also be
possible. Continuing work is also focused on expanding from a pyridine directing group to more
synthetically versatile directing groups and on lowering catalyst loadings.

Tandem Reactions

Tandem reactions provide a rapid method to achieve high molecular complexity. The
strategy investigated to achieve this type of reactivity in the area of C—H functionalization
involved transformations designed to intercept intermediates for the arylation of imines.
Specifically, it was postulated that interception of species such as 1.7 with a second alkene
might result in an additional insertion event to yield 1.9 which would ultimately lead to
incorporation of multiple alkenes (1.10, Scheme 1.12).

Scheme 1.12. Mechanistic proposal for tandem reactivity via C—H activation

DG DG H DG
© Rh(l) Rh., xR Rh xR
_— —_— R —_—
H
1.4 1.7
<R
DG DG DG
Rh . R~y — - R
O T O o
1.8 1.9 1.10

Three approaches were initially explored (Scheme 1.13). Benzyl imines were used as
the directing group as the Bergman and Ellman groups have had the most experience and
success in developing alkylations using this moiety. The precatalyst [RhCl(coe).]. (coe: cis-
cyclooctene) in combination with various electron rich [FcPCy,] and poor [P(OiPr)s, PPhg]
phosphines were used as the catalyst. The “inter-inter” approach simply used a high
concentration of an alkene (neohexene, ethyl acrylate, norbornene) or alkyne (1-hexyne, 4-
octyne, diphenyl-acetylene) in hopes of intercepting the key aryl-Rh-alkyl species for an
additional insertion event. However, only the mono alkylated product was observed. The intra-
inter strategy used a tethered alkene and an external alkene/alkyne (neohexene, ethyl acrylate,
norbornene, 1-hexyne, 4-octyne, diphenyl-acetylene) to try toattain tandem reactivity. This
tactic also failed and only gave the five-membered dihydrofuran. At this point, it was
hypothesized that coordination and insertion of a second alkene/alkyne was unfavorable and
slow. Thus, reductive elimination occurs prior to the targeted second insertion. To address this
issue, attempts were made to couple simple dienes (1,7-heptadiene) (inter-intra approach). It
was hoped that because the two alkenes were tethered, coordination of the second alkene
would be favorable due to the formation of a stable metallacycle. Unfortunately, no coupled

7



product was observed when dienes were used as coupling partners. This might possibly be due
to chelation of the diene to the rhodium center, leading to an inactive catalyst. A similar
phenomena was previously observed when [RhCl(cod)]. was used in place of [RhCl(coe),]. for
previously successful alkylation reactions. It is postulated that the chelating nature of 1,4-
cyclooctadiene (cod) prevents its displacement by phosphine ligands.

The common issue with all three previous strategies is that reductive elimination is faster
than the second insertion event. One tactic that may address this issue is to make a rhodium
species that cannot reductively eliminate. Such a species might be obtained through insertion
of a tethered alkyne into the Rh—H bond. If the tether is of an appropriate length, reductive
elimination might be prevented by formation of a strained four-member ring (Scheme 1.14).
Experiments were performed using imine and oxime directing groups, terminal and internal
alkenes with varied methylene tethers, [RhCl(coe),]. as the precatalyst, with electron rich and
poor ligands (FcPCy,, P(OiPr)s;, PPhg), and various alkene/alkyne tandem partners (neohexene,
ethyl acrylate, norbornene 1-hexyne, 4-octyne, diphenyl-acetylene). None of the experiments
showed any coupled or tandem products. The reason for the lack of reactivity is not clear.
However, while intramolecular olefination using tethered alkynes has been demonstrated,'? it
has never been done with such short linkers. This may prevent coordination of the alkyne in an
appropriate manner for insertion to occur.

Scheme 1.13. Initial approaches to achieve tandem reactivity

Inter-Inter R
/’/\, . R R\/\/\
NBn R Rh NBn Rh™ X~ NBn [ R
*@ + F_/ /U\ t —————————— >
R
Intra-Inter 7 R

NBn Y R Rh NBn ?Qh/\( NBn W

)J\©/O =/ o e - o

Inter-Intra

=z J/; NBn
Rh NBn Rh
+ .I l ---------- >

Scheme 1.14. Alternate approach for tandem reactivity

(Me)H

X R HM H(Me)
NR \ﬁ (Me)
X)n /\ | R\/\g/;
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Rh, Alkene/alkyne NR RhHY), Jn
X | e >
n= 0, 1, 2 it@/

R=Bn, OH
X=CHj,, O

Though Rh(l) based catalysts thus far have proven unfruitful for tandem reactions, the
Rh(lll) catalysts that were used for the oxidative coupling of alkenes and the arylation of imines
may provide a different method to achieve such reactivity. The mechanistic proposal for tandem
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chemistry with Rh(lll) catalysts is shown in Scheme 1.15. Instead of intercepting an
intermediate such as 1.7 (Scheme 1.12), the species targeted for interception of the Rh(lll)
catalyst would be 1.11. The advantage of using a Rh(lll) catalysis for tandem reactions is that
one would simply need to outcompete protonolysis which is an intermolecular process. This is
in contrast to Rh(l) catalysts where reductive elimination, a potentially faster intramolecular
process, needs to be avoided.

Scheme 1.15. Tandem approach for Rh(lll) based catalysts
DG

R
DG DG

7 [Ox]
@ RhX;(111) ©/th2 xR @/\r
—_— —_—
-HX RhX
1.11 2 . BocN\ R'
NHBoc

Conclusion

An olefinic C—H bond functionalization was utilized as the key step in the stereoselective
synthesis of (-)-incarvillateine. With continuing interest in stereoselectivity and regiochemistry
in C—H functionalization reactions, enantioselective cylization of imidazoles was developed as
well as, serendipitously, a method for oxidative coupling of unactivated alkenes. Up to this
point, only alkenes have been explored as coupling partners. However, using the same
Rh(lll)/AgSbFe catalyst system for oxidative coupling, a method for the pyridine directed
arylation of N-Boc-imines was developed. This is a rare example in which a C—H activated
intermediate is coupled with a polarized functional group. This potentially allows for the
diversification of possible coupling partners in this type of chemistry. Using the same strategy of
intercepting organometallic intermediates for new reactivity, tandem reactions were also
explored. The results thus far have been disappointing, but new catalysts that operate under
different mechanisms may provide the key to achieving such reactions.

References

(1) (a) Chen, X.; Engle, K. M.; Wang, D. H.; Yu, J. Q. Angew. Chem., Int. Ed. 2009, 48,
5094-5115; (b) Colby, D. A.; Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010, 110, 624-655; (c)
Ferreira, E. M.; Zhang, H.; Stoltz, B. M. Tetrahedron 2008, 64, 5987-6001; (d) Karimi, B.;
Behzadnia, H.; Elhamifar, D.; Akhavan, P. F.; Esfahani, F. K.; Zamani, A. Synthesis 2010, 9,
1399-1427; (e) Satoh, T.; Miura, M. Chem. Eur. J. 2010, 16, 11212-11222; (f) Wang, X.; Zhou,
L.; Lu, W. Curr. Org. Chem. 2010, 14, 289.

(2) Jun, C. H.; Hong, J. B.; Kim, Y. H.; Chung, K. Y. Angew. Chem., Int. Ed. 2000, 39,
3440-3442.

(3) (a) Harada, H.; Thalji, R. K.; Bergman, R. G.; Ellman, J. A. J. Org. Chem. 2008, 73,
6772-6779; (b) Thalji, R. K.; Ahrendt, K. A.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc.
2001, 723, 9692-9693; (c) Thalji, R. K.; Ahrendt, K. A.; Bergman, R. G.; Ellman, J. A. J. Org.
Chem. 2005, 70, 6775-6781; (d) Thalji, R. K.; Ellman, J. A.; Bergman, R. G. J. Am. Chem. Soc.
2004, 126, 7192-7193.

(4) (a) Kakiuchi, F.; Tanaka, Y.; Sato, T.; Chatani, N.; Murai, S. Chem. Lett. 1995, 679-
680; (b) Trost, B. M.; Imi, K.; Davies, I. W. J. Am. Chem. Soc. 1995, 117, 5371-5372.



(5) Colby, D. A.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2006, 128, 5604-
5605.

(6) Tsai, A. S.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2008, 130, 6316-6317.

(7) Tsai, A. S.; Wilson, R. M.; Harada, H.; Bergman, R. G.; Ellman, J. A. Chem Commun
2009, 3910-3912.

(8) (a) Li, L.; Brennessel, W. W.; Jones, W. D. J. Am. Chem. Soc. 2008, 130, 12414-
12419; (b) Li, L.; Jiao, Y.; Brennessel, W. W.; Jones, W. D. Organometallics 2010, 29, 4593-
4605.

(9) Tsai, A. S.; Brasse, M. |.; Bergman, R. G.; Ellman, J. A. Org. Lett. 2010, ASAP.

(10) Fagnou, K.; Lautens, M. Chem. Rev. 2003, 103, 169-196.

(11) Tsai, A. S.; Tauchert, M. E.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2011,
ASAP.

(12) Yotphan, S.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2008, 130, 2452-
2453.

10



Chapter 2. Asymmetric Synthesis of (-)-Incarvillateine Employing an Intramolecular
Alkylation via Rh-Catalyzed Olefinic C-H Bond Activation

An asymmetric total synthesis of (—)-incarvillateine, a natural product with potent
analgesic properties, was achieved in 11 steps and 15.4% overall yield. The key step was a
rhodium-catalyzed intramolecular alkylation of an olefinic C—H bond to set two stereocenters.
Additionally, this transformation produced an exocyclic, tetrasubstituted alkene through which
the bicyclic piperidine moiety could readily be accessed. A majority of this work has been
published in a communication (Tsai, A. S.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc.
2008, 130, 6316-6317).

As a follow on to this work, enantioselective cyclization of a derivative of the key
intermediate in the synthesis of (-)-incarvillateine was also explored as a route to other natural
products.
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Synthesis of (-)-Incarvillateine: Introduction

(—)-Incarvillateine (-)-(2.1) (Figure 2.1) is a monoterpene alkaloid that has attracted
attention due to its potent analgesic properties.” The first enantioselective synthesis of this
natural product was recently achieved,® but required a number of steps to correctly set the
stereochemistry of the five contiguous stereocenters on the bicyclic piperidine moiety.® Herein,
we report a concise asymmetric synthesis of (—)-incarvillateine employing an intramolecular
alkylation of an olefinic C-H bond to set two of the stereocenters with simultaneous
stereospecific introduction of an exocyclic, tetrasubstituted alkene framework upon which the
bicyclic piperidine could rapidly be assembled.*>*

Figure 2.1. (-)-Incarvillateine

Results and Discussion

(—)-Incarvillateine may be retrosynthetically disconnected to cyclobutane 2.2 and
piperidine 2.3 (Scheme 2.1). The synthesis of 2.2 can be accomplished in two steps from
commercially available ferulic acid through a light promoted [2+2] photodimzerization.’
Piperidine 2.3 could be obtained from 2.4 through reduction of the imine, lactamization, and
reduction of the resulting amide and alkene. Cyclopentane 2.4 should be accessible in a key
step by the intramolecular alkylation of 2.5 via Rh-catalyzed C—H activation followed by syn-
alkene insertion and reductive elimination” with retention of configuration. This is reasoned to
exclusively provide the desired exocyclic double bond geometry and the anti-relationship of the
methyl and ester functionalities. Furthermore, the secondary TBS ether should result in
diastereoselective alkylation to install the correct absolute stereochemistry at the methyl and
ester stereocenters.

Scheme 2.1. Retrosynthesis of (-)-Incarvillateine
OTs
Lo
HO,C, . OMe N-Me
) HO '
“COLH H S

22 2.3
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Asymmetric allylation of commercially available 2.6 with allyltributyltin under Keck
conditions proceeded in quantitative yield and with excellent enantioselectivity (Scheme 2.2).2
The resulting alcohol was subsequently protected as a TBS ether (2.7). Cross metathesis of 2.7
with methacrolein using Grubbs’ 2" generation catalyst provided 2.8 in good yield as a single
isomer.? Imine 2.5 was then formed through condensation of 2.8 with methylamine in the
presence of molecular sieves.

Scheme 2.2. Synthesis of a,B-Unsaturated Imine 5
1. allyltributyltin, Ti(OiPr)g,

0 (S)-Binol, TFA, -20 °C oTBS
EO N 99%. 95% ee . Eto\ﬂ/\('\/\
o} 2. TBSCI, imidazole, O
4-DMAP, CH,Cl,
26 99% 27
HoNCH;,
)&O OTBS O ¢y G, 4AMS
> EO A ¥
- X X
Grubbs 2nd 99%
generation catalyst o 28
CH,Cl,, reflux -

88%

The diastereoselective intramolecular alkylation of 2.5 was explored using conditions
recently reported for the intermolecular B-alkenylation of a,B-unsaturated imines with alkynes
(Table 2.1)."° Ferrocenyl (Fc) dialkyl phosphines (entries 1-2) as well as 4-
(dimethylamino)phenyl (DMAPh) based phosphines (entries 3-8) were evaluated. Though many
of the ligands explored were active, resulting in quantitative cyclization of 2.5, (DMAPh)-PEt,
was the most selective ligand, providing diastereomers 2.4 and 2.9 in a ~5:1 ratio (entry 7)."" It
is interesting to note that the sterics of this ligand provided the “sweet spot” in terms of
diastereoselectivity as both more (entry 5) and less bulky (entry 4) analogues eroded the
diastereoselectivity. The high catalyst activity of (DMAPh)-PEt, also allowed the catalyst
loading to be reduced to 2.5 mol% (entry 8).

Table 2.1. Ligand screen for the diastereoselective alkylation of 2.5

EtO

M Me

/0 [RhCI(coe)l,, 3 COzEt 5 COE

e — > e + PO

" \ N Me Tolene N e ’ O%/\\N’Me DMAPh = M%N@?
Me
5 4 9
(P=TBS)

entry ligand %Rh %L T(CC) th 4+9(%)° 4:9 dr”
1 FcPCy, 5 11 45 25 100 53:47
2 FcPEt, 5 11 25 21 100 69:31
3 (DMAPhH),PMe 10 22 25 8 100 75:25
4 (DMAPh)PMe, 10 22 45 19 100 75:24
5 (DMAPh)PCy, 5 11 45 21 34 62:38
6 (DMAPhH)PEt, 5 11 22 54 100 86:14
7 (DMAPhH)PEt, 5 11 45 6 100 83:17
8 (DMAPH)PEL, 25 5.5 45 6 100 83:17

? Yields based on 'H NMR integration relative to residual protio toluene as an internal standard. ° Diastereomeric ratio
determined by 'HNMR. Fc: ferrocenyl. DMAPh: 4-(dimethylamino)phenyl.
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Initial attempts to obtain the piperidine focused on using a strong reductant that would be
able to reduce the imine and subsequently formed lactam (Scheme 2.3). Unfortunately, use of
such reductants as RedAl, LiAlH,, L-selectride, and DIBAL-H all failed, giving instead, a
pyridone via tautomerization to the enamine and cylization.

Scheme 2.3. Initial route to piperidine

o) 0 H
TBSO Reductant W N~
eductant , N
0] = N> |tBso ----= TBSO “
\ N
\
NMe
2.4
5:1dr o
RedAl, LiAlH,, o]
L-Selectride, OEt
or DIBAL-H TBSO — 1BSO | N
— =
HN—

Due to facile tautomerization of 2.4 to the ester conjugated dienamine, it was necessary
to directly convert the crude compound to a more stable intermediate. This was accomplished
through imine reduction with NaBH, followed by lactamization upon heating to provide 2.10,
which after chromatography was isolated as a single diastereomer in 49% overall yield from 5
(Scheme 2.4). Hydrogenation of the tetrasubstituted olefin required high pressure and elevated
temperature, but occurred exclusively on the less hindered face to yield 2.11. Reduction of 2.11
with LiAlH,4, followed by cleavage of the TBS protecting group under acidic conditions gave 2.3.

Scheme 2.4. Synthesis of bicyclic piperidine 2.3

Me H 0
NarI]3H4,6l(\)/I?é)H, \-Me H, (1000 psi)
24 rt then TBSO Pd/C, MeOH, 60 °C -
Crude 49% overall X 99%
51dr yield from 5 Me
o 210
Me H Me H
N-Me 1. LIAIH,4, THF, 0 °C N-Me
TBSO! 2. HCl (aq), MeOH HO!-
H : 90% B
Me H Me
211 23

Completion of the synthesis of (—)-incarvillateine was carried out in accordance with the
previously reported sequence: Mitsunobu coupling between 2.3 and 2.2 followed by removal of
the tosyl protecting groups.? The low reported yield in the Mitsunobu coupling reaction (30%
based on the more valuable fragment 2.3), encouraged us to optimize this step. Commercially
available trans-2-methylcyclopentanol (2.12) was used as the model substrate for 2.3 (Table
2.2). In addition to DEAD/PPh; (entries 1-5), ADDP/PBus (1,1-(azodicarbonyl)dipiperidine)'?
was explored as coupling reagents but showed diminished reactivity (entries 6-7). A range of
temperatures and solvents was also investigated. Refluxing conditions reported in the prior
synthesis were found to be unnecessary and in fact resulted in reduced yield for the model
system (entry 1). Dioxane and CH,Cl, were found to be poor solvents for the reaction due to
limited solubility of 2.2 at low temperatures (entries 4-5). Use of DEAD/PPh; at low
temperatures in THF provided the highest yield (entry 3).
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Table 2.2. Mitsunobu Coupling of Model Substrate

T

OTs
HOC O'V'e OMe
+ HO-
MeO COzH
///
TsO 213 \“‘

2.2
entry reagents T (°C) solvent % 2.13°7
1 DEAD, PPhs 65 THF 36
2 DEAD, PPhs 0 THF 61
3 DEAD, PPh; -20 THF 72
4 DEAD, PPhs 25 Dioxane 29
5 DEAD, PPhs 0 CH.CI, 33
6 ADDP, PBuj 65 Toluene 28
7 ADDP, PBus 25 THF 0

a

Isolated vyield based on 2-methylcyclopentanol. DEAD: (diethyl diazocarboxylate), ADDP: (1,1’-
(azodicarbonyl)dipiperidine)

Employing the optimal Mitsunobu coupling conditions from the model study, 2.14 was
obtained from 2.2 and 2.3 in 55% yield (Scheme 4). The major byproduct (22%) resulted from
competitive amidation of one of the carboxylic acids in 2.2 with the hydrazine of reduced DEAD.
Alternatives to sodium amalgam for removal of the tosyl protecting groups in 2.14 were also
explored because the yield reported in the literature was not satisfactory (58%).2
Sodium/anthracene’ proved to be optimal and provided (—)-incarvillateine (2.1) in high yield
(Scheme 2.5).

Scheme 2.5. Synthesis of (-)-incarvillateine

DEAD, PPh, @OMG
_THF,20°C Me
22 + 23 550/ .
() O, E
Ir N
o s “Me

PO me H
Na/Anthracene 214,P=Ts
THF, -40 °C (-)>-21,P=H

85%

In summary, a concise asymmetric synthesis of (—)-incarvillateine was accomplished in
11 steps and 15.4% overall yield representing a substantial improvement over the previously
reported synthesis.?'® The Rh-catalyzed alkylation of 2.5 simultaneously installed two out of the
five necessary stereocenters in the bicylic piperidine while also stereospecifically introducing the
tetrasubstituted, exocyclic alkene that enabled the rapid assembly of (-)-2.1.
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Enantioselective C-H Alkylation

As a follow on to the diastereoselective alkylation employed in the synthesis of (-)-
incarvillateine, enantioselective alkylations were also explored as a route to access other natural
products. In particular, enantioselective cyclization of 2.15, a derivative of 2.3 which lacks the
hydroxyl-substituted stereocenter, should lead to an intermediate that could be diverted to
several natural products (a-skythantine, iridomyrmecin, and nepetalactone) (Scheme 2.6).

Scheme 2.6. Natural product targets via enantioselective alkylation

Diastereoselective Alkylation

H
AN N/
— o OEt . Ho —  (-)-Incarvillateine
_—
TBSO! TBSO 6
N— \ H :
/) N— -
2.3
Enantioselective Alkylation
HsCO 3
0 = H =~ H
e " b, - N/ - O
; [Rh] OCH, C(P or or
= = (]
\ \ T H H
NR
o-skythantine iridomyrmecin  nepetalactone
2.15

Synthesis of the benzyl imine 2.18 was achieved in two steps from commercially
available 2.16 which is sold as a 3:1 E:Z mixture via an SeO, allylic oxidation and imine
condensation with benzyl amine (Scheme 2.7).

Scheme 2.7. Synthesis of 2.18

H3CO HgCO H3CO
pe) BnNHj, toluene,
— Se0,, 95% EtOH 3A MS
H 78 °C 99%
N\ 25%
2.16
31,EZ

Chiral ligands were then explored in the rhodium catalyzed intramolecular alkylation of
2.18. To evaluate the enantioselectivity, the lactam (2.19) was isolated via NaBH, reduction of
the unstable cyclic intermediate. The initial ligand screen focused on phosphines used in
previous enantioselective alkylations with aromatic imines (Scheme 2.8)." Binol based ligands
(L2.1) which were active for the alkylation of aromatic imines, were inactive for 2.18. Taddol
based phosphite L2.2 however, was an effective ligand, generating the 5-membered ring in 71%
ee. The diastereomer L2.3 was also active but provided the product with reduced
enantioselectivity. To probe the steric effect of the aryl moiety on the taddol backbone, L2.4
and L2.5 were synthesized. Less bulky L2.4 was inactive for the alkylation while the more bulky
L2.5 provided the alkylated product in only 58% ee. Taddol based phosphoramidite (L2.6) was
inactive in the transformation while phosphonites L2.7 and L2.8 resulted in reduced
enantioselectivity.

16



Scheme 2.8. Initial chiral ligand screen
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Scheme 2.9. Ligand screen continued
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While the results with the taddol based ligands were promising, several derivatives of
L2.2 failed to improve the enantioselectivity. Thus, other ligand classes were explored. Tropos
ligands refer to ligand architectures where axial chirality is fluxional. Incorporation of a fixed
chiral element enforces a preferred diastereomeric conformation.” While tropos ligand L2.9
(Scheme 2.9) was inactive for the rhodium catalyzed alkylation, more bulky phosphites L2.10
and L2.11 did provide the expected product, albeit in a nearly racemic manner. Despite this
result, the fact that increasing the steric bulk of L2.9 restored reactivity to this biaryl series
suggested that by similarly increasing the steric bulk of previously inactive binol phosphites,
activity might also be restored. To test this hypothesis, increasingly bulky ligands L2.12-L2.14
were synthesized. Unfortunately, none of these ligands was active.

Work in this area has since focused on proline based ligands that were identified in the
initial ligand screen. Ligand L2.15, for example, provided the alkylated product in 50% ee.
However, replacement of the achiral pivalate with N-Boc-valine provided the product in racemic
form (eq 2.1). This result could possibly be a case of a mis-match pair between (S)-proline and
N-Boc-(L)-valine. Thus, the diastereomer might generate the product with high
enantioselectivity.

O\ Q‘Pth

N~ ~PPh,

BocHN
50% ee 0% ee
L2.15 L2.16

Conclusion

Through the application of an olefinic C—H alkylation, the concise synthesis of (-)-
incarvillateine was achieved. Notable features include the diastereoselectivity and the result
that the insertion step in the key transformation occurs with a sterically hindered tri-substituted
olefin. Enantioselective alkylations were also explored with 77% ee being the highest obtained
so far. Higher enantioselectivities may be achieved via easily modifiable amino acid based
phosphines.

Experimental

I. General Methods. Unless otherwise noted, all reagents were obtained from commercial
suppliers and used without further purification. Molecular sieves were heated at 300 °C under
0.5 mm Hg vacuum overnight or flame dried during three vacuum/purge cycles. Toluene,
dichloromethane, and tetrahydrofuran were passed through a column of activated alumina
under nitrogen. Methanol was distilled from CaH, under N,. All reactions of air- and moisture-
sensitive materials were carried out using syringe, cannula and/or inert atmosphere box
techniques. All glassware was dried overnight at 150 °C or flame-dried under vacuum
immediately prior to use. During workup procedures, organic extracts were dried over Na,SO,
and concentrated under reduced pressure with a rotary evaporator. Chromatography was
performed on Merck 60 230-240 mesh silica gel. NMR chemical shifts are reported in ppm
relative to CHClI; (7.26 ppm for 'H, and 77.23 ppm for '3C) or C¢Ds (7.16 ppm for 'H, and 128.39
ppm for '°C) as noted. Chiral HPLC analyses were performed on an Agilent 1100 system with a
Chiral PAK OD column (250 mm 4.6 mm) with a flow rate of 1 mL/min and with -PrOH/hexanes
as the mobile phase. IR spectra were recorded on a Nicolet Avatar 360 FTIR spectrometer
equipped with an attenuated total reflectance accessory, and only partial data are listed.
Melting points were determined on a Mel-Temp apparatus and are reported uncorrected. A
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Perkin-Elmer 241 polarimeter with a sodium lamp was used to determine specific rotations and
concentrations are reported in g/dL. Mass spectra (HRMS) were obtained by the University of
California at Berkeley Mass Spectrometry Facility.

Il. General Procedure for C-H Activation Experiments Monitored by NMR. In a nitrogen-
filled inert atmosphere box, [RhCl(coe).],,'® ligand, substrate (0.05 mmol), and toluene-ds (0.5
mL) were combined in a thin-walled NMR tube. The tube was fitted with a Cajon adapter,
frozen with liquid nitrogen, and flame-sealed under vacuum. The tube was then placed in an oil
bath set to the desired temperature. Periodically, the tube was removed from the bath, cooled
to room temperature, and analyzed by 'H-NMR spectroscopy to monitor the progress of the
reaction based on integration relative to toluene as an internal standard. All optimization
reactions were carried out via this procedure by varying temperature, ligand, and catalyst
loading.

lll. Synthesis of (-)-Incarvillateine.

0 allyltributyltin, Ti(OiPr),, OH
| S)-Binol, TFA, CH,CI
Etow (5)-Bino 222 EtoN/\
o) -78°Cto-20°C 0]
26 99%, 95% ee

(S,E)-ethyl 4-hydroxy-3-methylhepta-2,6-dienoate. (S)-(-)-1,1-Bi(2-naphthol) (0.60 g,
2.1 mmol, 0.3 equiv), 4A molecular sieves (6.3 g), CH.Cl, (30 mL), distilled trifluoroacetic acid (5
uL, 0.08 mmol, 0.01 equiv), and distilled Ti(OiPr), (0.32 mL, 1.1 mmol, 0.15 equiv) were added
to a 100 mL round bottom flask equipped with a stir bar and reflux condenser. The red mixture
was heated at reflux for 2 h and cooled to room temperature. 2.6 (1.00 g, 7.04 mmol, 1 equiv)
was added and the reaction mixture was cooled to -78 °C. Allyltri-n-butyltin (3.50 mL, 10.4
mmol, 1.5 equiv) was added dropwise via syringe over 20 min. The solution was stirred at -78
°C for 20 min and transferred to a -20 ‘C freezer. After 16 h, the reaction mixture was quenched
with 1 M ag NaOH (15 mL), and the mixture was stirred at room temperature for 45 min. The
mixture was filtered through Celite, and the layers were separated. The aqueous layer was
extracted with CH.Cl, and the combined organic layers were dried, filtered, and concentrated
under reduced pressure. The crude material was chromatographed on SiO, (hexanes/EtOAc,
3:1, Ry=0.30) to afford a clear oil (1.3 g, 99%) with an enantiomeric excess of 95% (determined
by chiral HPLC analysis). IR (film): 3452, 1714 cm™. "H NMR (300 MHz, CDCls): § 5.93 (s, 1H),
5.82-5.67 (m, 1H), 5.19-5.09 (m, 2H), 4.19-4.07 (m, 3H), 2.48-2.36 (m, 1H), 2.32-2.12 (m, 2H),
2.10 (s, 3H), 1.26 (t, J = 4.17 Hz, 3H). *C{'"H} NMR (75 MHz, CDCl;): & 166.7, 160.0, 133.7,
117.33, 114.8, 75.3, 60.2, 39.2, 14.6, 13.3. HPLC analysis (OD column, 95% hexanes: 5% Ii-
PrOH, 20 min wait time): peak 1 = 8.4 min (major enanitomer) and peak 2 = 10.4 min (minor
enantiomer). [a]*®; —29.9 (¢ 1.03, CHCI;). HRMS (FAB+) Calcd for CioH;7O5 [MH]*185.1172;
Found 185.1177.

OH OTBS
TBSCI, imidazole, 4-DMAP EtO
EtOM - \H/\‘)\/\
o) CH,Cl, (@)
2.7

(S,E)-ethyl 4-(tert-butyldimethylsilyloxy)-3-methylhepta-2,6-dienoate (2.7). To a
100 mL round bottom flask equipped with a stir bar was added (S,E)-ethyl 4-hydroxy-3-
methylhepta-2,6-dienoate (2.00 g, 10.8 mmol, 1 equiv), tert-butyldimethylsilyl chloride (1.80 g,
11.9 mmol, 1.1 equiv), imidazole (1.40 g, 20.5 mmol, 1.9 equiv), 4-dimethylaminopyridine (0.12
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g, 1.0 mmol, 0.1 equiv), and CH,Cl, (40 mL). The white heterogeneous solution was stirred at
room temperature for 18 h. To the solution was added water (50 mL) and CH.ClI, (20 mL). The
layers were separated. The aqueous layer was extracted with CH,Cl, and the combined
organic layers were dried, concentrated, and purified by column chromatography
(hexane/EtOAc, 3:1, R, = 0.82) to yield a clear oil (3.2 g, 99%). IR (film): 1717, 1086 cm™. 'H
NMR (300 MHz, CDClz): 6 5.84 (s, 1H), 5.84-5.65 (m, 1H), 5.06-5.03 (m, 1H), 5.02-5.00 (m, 1H)
4.14 (g, J = 6.9 Hz, 2H), 4.06 (t, J = 6 Hz, 1H), 2.28 (m, 2H), 2.08 (s, 3H), 1.27 (t, J = 7.2 Hz,
3H), 0.88 (s, 9H), 0.03 (s, 3H), 0.00 (s, 3H). "*C{'H} NMR (75 MHz, CDCls): § 166.8, 160.1,
134.4, 117.4, 115.5, 77.3, 59.6, 41.1, 25.9, 18.3, 14.7, 14.4, -4.7, -4.9. [0o]*®;, -3.4 (¢ 1.07,
CHCI3). HRMS (FAB+) Calcd for C1gH3105Si [MH]*299.2037; Found 299.2048.

OTBS Jv/o OTBS (I)

EtO. » EtO
X XX =
Grubbs 2nd N o

O Generation Catalyst o)
2.7 88% 28

(S,2E,6E)-ethyl 4-(tert-butyldimethylsilyloxy)-3,7-dimethyl-8-oxoocta-2,6-dienoate
(2.8). Distilled methacrolein (4.1 mL, 50 mmol, 10 equiv), Grubbs 2" generation catalyst
[benzylidene[1,3-bis(2,4,6-trimethylphenyl)-2- imidazolidinylidene]dichloro(tricyclohexylphos-
phine)ruthenium] (322 mg, 0.379 mmol, 0.075 equiv), 2.7 (1.5 g, 5.0 mmol, 1 equiv), and CH.ClI,
(45 mL) were added to a 100 mL round bottom flask equipped with a stir bar and reflux
condenser. The red/brown solution was heated at reflux for 5 h, cooled to room temperature,
and concentrated under reduced pressure. The crude material was chromatographed on SiO,
(hexanes/EtOAc, 10:1, Ry = 0.24) to afford a light brown oil (1.5 g, 88%). IR (film): 1716, 1689,
1217 cm™. "H NMR (400 MHz, CDCls): § 9.36 (s, 1H), 6.45 (t, J = 7.0 Hz, 1H), 5.88 (s, 1H),
4.20 (t, J=6.2 Hz, 1H), 4.12 (q, J = 7.2 Hz, 2H), 2.63-2.51 (m, 2H), 2.09 (s, 3H), 1.70 (s, 3H),
1.24 (t, J = 7.2Hz, 3H), 0.85 (s, 9H), -0.02 (s, 3H), -0.03 (s, 3H) 'C{'H} NMR (100 MHz,
CDCl;): 6 194.8, 166.6, 158.9, 149.4, 140.9, 115.9, 75.8, 59.8, 35.7, 25.7, 18.1, 14.8, 14.3, 9.4, -
4.8, -4.7.

OTBS ? HNM OTBS ll\lMe
e
EtO__~ N — 2 > EO A~ N
0 MS, Toluene o
2.8 2.5

(S,2E,6E)-ethyl-4-(tert-butyldimethylsilyloxy)-3,7-dimethyl-8-(methylimino)octa-2,6-
dienoate (2.5). To a 100 mL round bottom flask equipped with a stir bar was combined 2.8 (1.0
g, 2.9 mmol, 1 equiv), methylamine (2M in THF, 8.0 mL, 16 mmol, 5 equiv), molecular sieves (3
g), and toluene (40 mL). The reaction mixture was stirred at room temperature for 16 h. The
mixture was filtered through Celite and concentrated under reduced pressure to yield an orange
oil (1.0 g, 99%). IR (film): 1716, 1652 cm™. "H NMR (400 MHz, C¢Ds): & 7.68 (s, 1H), 6.19 (s,
1H), 5.73 (t, J = 7.2 Hz, 1H), 4.08-3.95 (m, 3H), 3.22 (s, 3H), 2.45-2.25 (m, 2H), 2.23 (s, 3H),
1.99 (s, 3H), 0.97 (t, J = 6.9 Hz, 3H), 0.93 (s, 9H), -0.02 (s, 6H). "*C{'H} NMR (100 MHz, C¢Ds):
0 166.5, 165.8, 159.9, 138.8, 135.1, 116.1, 76.9, 59.8, 47.7, 35.4, 25.9, 18.4, 15.0, 14.3, 12.2, -
4.7, -4.9. [a]*®5 +0.7 (¢ 1.10, CHCIl;). HRMS (FAB+) Calcd for CigHagsNOsSi [MH]" 354.2459;
Found 354.2454.
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(6S,7S,7aS)-6-(tert-butyldimethylsilyloxy)-2,4,7-trimethyl-2,3,5,6,7,7a-
hexahydrocyclopenta[c]pyridin-1-one (2.10). In a nitrogen atmosphere glove box, to a 6 mL
vial was added 2.5 (100 mg, 0.283 mmol, 1 equiv), [RhCl(coe),]. (5.1 mg, 0.0071 mmol, 0.025
equiv), 4-(diethylphosphino)-N,N-dimethylaniline™ (3.0 mg, 0.014 mmol, 0.05 equiv), and
toluene (2.8 mL). The orange solution was transferred to a 20 mL Schlenk vessel, removed
from the inert atmosphere box, and heated at 45 °C for 7 h. The reaction mixture mixture was
concentrated under reduced pressure and dissolved in methanol (4.2 mL). To the solution was
added NaBH, (41 mg, 1.1 mmol, 3.9 equiv) and the dark solution was stirred at room
temperature for 5 h. The solution was then heated at reflux for 40 h. The reaction solution was
cooled to room temperature and methanol was removed in vacuo. Water was added to the
residue and the resulting mixture was extracted three times with CH,Cl,. The organic layers
were combined, concentrated under reduced pressure, and purified by column chromatography
(hexane/EtOAc, 5:1, R;= 0.15). 2.10 was isolated as a yellow oil (44 mg, 49%). IR (film): 1651
cm™. "H NMR (400 MHz, CgDg): & 3.63-3.49 (m, 1H), 3.43-3.28 (m, 1H), 2.84-2.73 (m, 1H),
2.69 (s, 3H), 2.48-2.33 (m, 1H), 2.28-2.12 (m, 2H), 2.11-1.96 (m, 1H), 1.54 (d, J = 5.5 Hz, 3H),
1.27 (s, 3H), 0.97 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H) ™C{'H} NMR (100 MHz, C¢D¢): & 169.5,
132.0, 119.9, 79.0, 54.8, 48.6, 45.8, 37.1, 33.5, 26.1, 18.4, 18.3, 16.4, -4.3, -4.6. HRMS (FAB+)
Calcd for C47H3,NO,Si [MH]*310.2197; Found 310.2195.
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(4R,4aS,6S,7S,7aR)-6-(tert-butyldimethylsilyloxy)-2,4,7-trimethyl-
octahydrocyclopenta[c]pyridin-1-one (2.11). To a 50 mL Parr bomb equipped with a stir bar
was combined 2.10 (240 mg, 0.776 mmol, 1 equiv), 10% Pd/C (100 mg), and MeOH (10 mL).
The bomb was pressurized with H, (1000 psi) and heated at 60 "C for 16 h. The reaction
mixture was cooled to room temperature, filtered through Celite, and concentrated under
reduced pressure to yield a clear oil (241 mg, 99%). IR (film): 1635 cm™. 'H NMR (400 MHz,
CeDs): 8 3.54-3.42 (m, 1H), 2.79-2.62 (m, 1H), 2.72 (s, 3H), 2.31-2.20 (m, 2H), 2.18-2.07 (m,
1H), 1.98-1.77 (m, 1H), 1.70-1.51 (m, 2H), 1.40-1.23 (m, 1H), 1.27 (d, J = 9.0 Hz, 3H), 0.97 (s,
9H), 0.52 (d, J = 9.3 Hz, 3H), 0.07 (s, 3H), 0.05 (s, 3H). "*C{'H} NMR (100 MHz, CsDs): 5 171.2,
78.8, 50.9, 49.0, 48.4, 37.8, 34.7, 34.0, 20.0, 25.8, 18.2, 18.0, 15.6, -4.7, -4.9. [a]*®; +26.6 (C
1.08, CHCI3). HRMS (FAB+) Calcd for C17H3,NO,Si [MH]* 312.2353; Found 312.2360.

o}
H i. LiAlH4, THF H
N~ ii. HCI, MeOH N~
TBSO! HO!
; 90% -
H : H :
2.11 2.3

21



(4R,4aS,6S,7S,7aR)-2,4,7-trimethyl-octahydro-1H-cyclopenta[c]pyridin-6-ol  (2.3).
To a 50 mL round bottom flask equipped with a stir bar was added 2.11 (230 mg, 0.74 mmol, 1
equiv) and THF (20 mL). The solution was cooled to 0 °C and LiAlH, (110 mg, 2.9 mmol, 4
equiv) was added in one portion. The reaction mixture was allowed to warm to room
temperature and stirred for 5 h. To the reaction mixture was added saturated sodium
bicarbonate (aq) and the layers were separated. The aqueous layer was washed with CH,Cl,
and the combined organic layers were concentrated under reduced pressure. The residue was
transferred to a 50 mL round bottom flask and dissolved in MeOH (20 mL). 12 N HCI (aq) (0.4
mL, 4.8 mmol, 6.5 equiv) was added to the solution and the resulting mixture was stirred at
room temperature for 16 h. MeOH was removed under reduced pressure. To the residue was
added saturated sodium bicarbonate (aq) and the resulting mixture was extracted three times
with CH.Cl,. The combined organic layers were concentrated under reduced pressure and the
crude material was chromatographed on SiO, (CH.Cl,/MeOH/NH,OH, 100:10:1, R; = 0.30) to
afford a clear oil (122 mg, 90%). IR (film): 3370 cm™. "H NMR (300 MHz, CDCls): & 3.80 (dt, J
=7.17, J= 3.1 Hz 1H), 2.90-2.67 (m, 1H), 2.72-2.65 (m, 1H), 2.58-2.50 (m, 1H), 2.28 (s, 3H),
2.19-2.00 (m, 3H), 1.99-1.80 (m, 3H), 1.59-1.47 (m, 2H), 1.03 (d, J = 7.56 Hz, 3H), 0.85 (d, J =
6.78, 3H). 3C{'H} NMR (75 MHz, CDCls): § 80.4, 58.0, 57.6, 47.3, 46.2, 45.6, 38.5, 33.0, 30.6,
20.1, 17.7. [a]*®p +20.0 (¢ 0.90, CHCIl;). HRMS (FAB+) Calcd for Ci1H,,NO [MH]* 184.1701;
Found 184.1699.
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(1R,2S,3S,4R)-bis((4R,4aS,6R,7S,7aR)-2,4,7-trimethyl-octahydro-1H-
cyclopenta[c]pyridin-6-yl)2,4-bis(3-methoxy-4-(tosyloxy)phenyl)cyclobutane-1,3-
dicarboxylate (2.14). To a 10 mL round bottom flask was combined 2.2 (174 mg, 0.250 mmol,
1 equiv), 2.3 (96 mg, 0.52 mmol, 2.2 equiv), PPh; (157 mg, 0.599 mmol, 2.4 equiv), and THF (3
mL). The solution was cooled to -40 °C and diethyl azodicarboxylate (91 mL, 57 mmol, 2.3
equiv) was added dropwise. The reaction solution was transferred to a -20 "C freezer. After 30
h, the reaction solution was quenched with sodium bicarbonate (aqg), and the resulting mixture
was warmed to room temperature. The mixture was extracted three times with CH,Cl,. The
combined organic layers were concentrated under reduced pressure and the crude material was
chromatographed on SiO, (CH,Cl,/MeOH/NH,OH, 500:10:1, R; = 0.00) then (100:10:1, R; =
0.36) to afford an amorphous solid (148 mg, 55% based on 2.3). IR (fim): 1723 cm™. 'H NMR
(500 MHz, CDCly): & 7.77-7.70 (m, 4H), 7.33-7.27 (m, 4H), 7.08-7.01 (m, 2H), 6.87-6.70 (m,
4H), 4.90-4.78 (m, 2H), 4.40-4.25 (2H), 3.90-3.73 (m, 2H), 3.58 (s, 3H), 3.57 (s, 3H), 2.58-2.48
(m, 2H), 2.48-2.34 (m, 2H) 2.43 (m, 6H), 2.16 (s, 3H), 2.15 (s, 3H), 2.08-1.87 (m, 4H), 1.87-1.73
(m, 4H), 1.62-1.49 (m, 3H), 1.44-1.33 (m, 2H), 1.18-.11 (m, 1H), 1.04-0.99 (m, 1H), 0.80-0.64
(m, 9H), 0.54 (d, J = 7.3 Hz, 3H). "C{'H} NMR (125 MHz, CDCls): § 171.3, 171.2, 151.7,
145.1, 139.1, 139.0 137.5, 137.5, 133.8, 129.4, 128.5, 123.9, 119.6, 119.2, 112.5, 112.4, 77.0,
57.7,57.6, 57.5, 57.3, 55.6, 47.4, 46.8, 46.3, 46.1, 46.0, 41.7, 41.3, 40.5, 40.3, 37.5, 30.6, 30.0,
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29.3, 21.7, 17.3, 17.1, 14.8, 14.5. [0]**;, —9.8 (c 1.62, CHCl;). HRMS (ESI-TOF) Calcd for
C56H71N201282 [MH]+10274448, Found 1027.4445.
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(-)-Invarvillateine (-)-2.1. To a 10 mL round bottom flask was combined sodium metal
(21 mg, 0.91 mmol, 1.2 equiv), anthracene (133 mg, 0.747 mmol, 1 equiv), and THF (1.5 mL).
The mixture was stirred for 1 h during which time the solution turned blue. The Na/anthracene
solution (0.30 mL, 0.15 mmol, 3 equiv), was added to a 10 mL round bottom flask containing
2.14 (49.7 mg, 0.0484 mmol, 1 equiv) in THF (4 mL) at -40 °C. The solution was stirred at -40
°C for 3 h, and immediately quenched with saturated ammonium chloride. Ethyl acetate was
added, and the layers were separated. The aqueous layer was extracted three times with ethyl
acetate. The combined organic layers were concentrated under reduced pressure and the
crude material was chromatographed on SiO, (CH.Cl,/MeOH/NH,OH, 500:10:1 R; = 0.00) then
(100:10:1, Ry = 0.20) to afford a white solid (30 mg, 86%). The solid was recrystallized from
MeOH to give colorless crystals: mp 216-217 °C (lit. 217 °C)""; IR (KBr): 3386, 2955, 1720, 1517
cm™. "H NMR (400 MHz, CDCls): & 6.89-6.71 (m, 6H), 4.95-4.80 (m, 2H), 4.42-4.26 (m, 2H),
3.95-3.75 (m, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 2.61-2.50 (m, 2H), 2.49-2.39 (m, 2H), 2.32-2.05
(m, 2H), 2.18 (s, 6H), 2.03-1.88 (m, 4H), 1.87-1.77 (m, 3H), 1.77-1.64 (m, 2H), 1.64-1.49 (m,
3H), 1.47-1.35 (m, 2H), 1.10-0.99 (m, 1H), 0.80 (d, J = 7.33 Hz, 3H), 0.76 (d, J = 6.82 Hz, 3H),
0.71 (d, J = 6.32 Hz, 3H), 0.60 (d, J = 7.07 Hz, 3H), 0.56-0.48 (m, 1H). "*C{"H} NMR (100 MHz,
CDCls): & 172.0, 171.8, 146.7, 146.6, 145.2, 145.0, 130.7, 130.6, 120.4, 119.9, 114.5, 110.8,
110.7, 77.4, 76.6, 57.6, 57.5, 57.4, 57.2, 55.8, 55.7, 47.9, 47.3, 46.2, 46.2, 46.0, 45.9, 41.8,
41.2, 40.4, 37.4, 37.3, 30.4, 29.8, 29.2, 17.1, 16.9, 15.1, 14.7. [a]®, —10.1 (c 1.40, CHClIy).
HRMS (ESI-TOF) Calcd for C4oHsgN2Og [MH]" 719.4271; Found 719.4240.
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(-)-Incarvillateine C'* Comparison Table

Synthetic  Reported
100 MHz 125 MHz'?

C-12,12' 172.0 171.9
171.8 171.7

C-18, 18' 146.7 146.9
146.6 146.8
C-19,19 145.2 145.5
145.0 145.3

C-15, 15 130.7 130.4
130.6 130.2

C-16, 16’ 120.4 120.3
119.9 119.8

C-17,17 114.5 114.7
C-21, 21 110.8 110.9
110.7 110.8

C-9,9 77.4 77.2
76.6 76.5

C-3, 3 57.6 57.4
57.5 57.3

C-5,5 57.4 571
57.2 57.0

C-20,20' 55.8 55.7
55.7 55.6

C-13, 13 47.9 47.8
47.3 47.2

C-4,4 46.2 46.0
46.2 45.9

C-6, 6' 46.0 45.7
45.9 45.6

C-14, 14 41.8 41.7
41.2 40.3

C-10, 10’ 40.4 40.1
C-7,7 37.4 37.3
37.3 37.2

C-2,2 30.4 30.1
C-8, 8 29.8 29.6
29.2 29.1

c-1,1 17.1 17.0
16.9 16.8

C-11, 11 15.1 14.8
14.7 14.4




Other Enantioselective Cyclizations
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(2E,6E)-Methyl 3,7-dimethyl-8-oxoocta-2,6-dienoate (2.17). Aldehyde 2.12 was
prepared according to literature precedent'® to afford a yellow oil in 25% yield. IR (film): 1715,
1683, 1435, 1148 cm™. "H NMR (300 MHz, CDCl;): § 9.38 (s, 1H), 6.41 (t, J = 7.2 Hz, 1H), 5.69
(s, 1H), 3.69 (s, 3H), 2.60-2.5 (m, 2H), 2.34 (t, J = 7.8 Hz, 2H), 2.19 (s, 3H), 1.75 (s, 3H).
C{"H} NMR (75 MHz, CDCl;): & 195.14, 167.07, 158.01, 152.34, 140.2, 116.34, 51.18, 39.27,
26.82, 18.88, 9.49. HRMS (FAB+) Calcd for C11H1;03 [MH]" 197.1172; Found 197.1174.
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H
\ /NBn

(2E,6E)-Methyl 8-(benzylimino)-3,7-dimethylocta-2,6-dienoate (2.18). In a nitrogen-
filled inert atmosphere box, to a 20 mL vial containing aldehyde 2.12 (217 mg, 1.11 mmol) was
added benzene (3.7 mL), 3A molecular sieves (1.84 g) and freshly distilled benzyl amine (1.18
g, 1.11 mmol). The vial was capped, and the reaction mixture was stirred for 16 h at room
temperature. The mixture was filtered to remove molecular sieves, and the resulting solution
was concentrated in vacuo to yield a yellow oil (311 mg, 99%). IR (film): 1716, 1645, 1628,
1222.93, 1146 cm™. 'H NMR (300 MHz, C¢Dg): & 7.68 (s, 1H), 7.42-7.08 (m, 5H), 5.76 (s, 1H),
5.47 (t, J=6.6 Hz, 1H), 4.56 (s, 2H), 3.41 (s, 3H), 2.28 (s, 3H), 2.05-1.96 (m, 2H), 1.91 (s, 3H),
1.81 (t, J = 7.8 Hz, 2H). "™C{'H} NMR (100 MHz, C¢D¢): & 166.40, 165.08, 158.43, 140.33,
139.02, 137.23, 128.36, 127.99, 126.71, 115.91, 64.40, 50.25, 39.49, 25.93, 18.35, 11.59.
Calcd for C18H2402N [MH]+ 2861802, Found 286.1813.

(7S,7aR)-2-benzyl-4,7-dimethyl-2,3,5,6,7,7a-hexahydro-1H-cyclopenta[c]pyridin-1-one

(2.19). In an nitrogen-filled inert atmosphere box to a 6 mL vial was added 2.6 (85 mg, 0.30
mmol), [RhCl(coe).], (21 mg, 0.030 mmol), 4-(dimethylphosphino)-N,N-dimethylaniline (16 mg,
0.090 mmol), and toluene (3 mL). The orange solution was transferred to a Schlenk vessel
which was taken out of the glove box, and heated to 75 °C for 1 h. The solution was then
directly concentrated in vacuo. Methanol (1.2 mL) was added to the residue and the solution
was cooled to 0 °C. NaBH, (13.6 mg, 0.36 mmol) was added in one portion and the resulting
solution was stirred at 0 °C for 30 min and at room temperature for 1 h. The solution was then
concentrated and washed with water (2 mL). The solution was extracted four times with 1 mL of
ethyl acetate. The combined organic layers were concentrated, dissolved in methanol, and
stirred for 24 h at room temperature. The solvent was removed in vacuo and the residue was
purified by column chromatography (hexane/EtOAc, 3:1) to yield an oil (15.0 mg, 18%). IR
(film): 1777, 1647, 1159, 697 cm™. "H NMR (400 MHz, CgD¢): § 7.34-7.10 (m, 5H), 4.59-4.40 (m,
2H), 3.40-3.35 (m, 1H), 3.01-2.97 (m, 1H), 2.24-2.17 (m, 2H), 2.02-1.93 (m, 2H), 1.75-1.68 (m,
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1H), 1.54 (d, J = 6 Hz, 3H), 1.23 (s, 3H), 1.16-1.06 (m, 1H). *C{'"H} NMR (100 MHz, CgD¢): &
172.25, 137.77, 135.96, 129.07, 128.39, 127.98, 127.88, 118.97, 53.06, 51.85, 34.36, 33.90,
26.81, 20.87, 16.28. Calcd for C47H22NO [MH]" 256.1696; Found 256.1693. HPLC (Chiralcel
AS-H column, 5% iPrOH/hexanes, 1mL/min): Peak 1, 5.72 min; Peak 2, 6.24 min; 0% ee
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Chapter 3. Rhodium Catalyzed Enantioselective Cylization of Substituted Imidazoles via
C-H Bond Activation

The enantioselective intramolecular alkylation of substituted imidazoles with
enantiomeric excesses up to 98% has been accomplished by rhodium catalyzed C—H bond
functionalization with (S,S’,R,R’) TangPhos as the chiral ligand. A majority of this work has been
published in a communication (Tsai, A. S.; Wilson, B. M.; Harada, H.; Bergman, R. G.; Ellman,
J. A. Chem. Commun. 2009, 3910-3912.)
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Introduction

Carbon-hydrogen and carbon-carbon bonds represent the two most common linkages in
organic chemistry. Thus, the formation of C—C bonds via catalytic activation of C—H bonds has
the potential to be highly general, practical and atom economical. Great progress has been
achieved in this area from fundamental study to chemical application.” However, only a limited
number of catalytic enantioselective transformations have been reported to date. The two most
common methods for asymmetric C—H functionalization have been via chelation-assistance® or
carbenoid insertion.>** Our group previously disclosed a unique C-2 functionalization of
benzimidazoles that proceeds through an N-heterocyclic-carbene intermediate obtained via C—
H activation.® Herein, we disclose a catalytic asymmetric benzimidazole functionalization that
provides remarkably high enantioselectivities (up to 98%) despite the elevated temperatures
(135 °C) of the reaction.

Results and Discussion

Investigation into the catalytic asymmetric alkylation of imidazoles began with N-
methallyl benzimidazole 3.1 as the model substrate. Reaction parameters were adapted from
previously reported conditions for the alkylation of this substrate with achiral catalysts.®® With
[RhCl(coe),]. (coe = cis-cyclooctene) as the rhodium pre-catalyst, a variety of chiral ligands
were screened to explore reactivity and enantioselectivity.

Results obtained using a representative subset of screened chiral ligands are
summarized in Scheme 3.1. Monodentate ligands were initially explored (L3.1-L3.4) because
only this type of ligand architecture provided successful reactions in past alkylation studies.
Phosphoramidites and phosphites (L3.1-L3.2), which were successful in asymmetric imine
directed alkylations, were not active for this system.?* 2 Previous work into the alkylations of
imidazoles established that electron rich phosphines were required.” Indeed, trialkyl phosphine
L3.4 provided the desired product in good yield, but in racemic form.

Given the limited number of chiral, monodentate electron rich phosphines that are
commercially available, hemi-labile bidentate ligands were explored (L3.5-L3.8). Though from
past studies, bidentate ligands consistently inhibited the reaction most likely by blocking a
necessary metal coordination site,>® we hoped that the weaker coordination of the nitrogen or
oxygen heteroatom on the hemilabile ligands would allow partial dissociation. This hypothesis
seemed to be operative as some ligands in this class (L3.8) did generate the cyclized product,
albeit in nearly racemic form. A more sterically demanding di-isopropyl analogue of L3.8 also
showed activity but no improvement in enantioselectivity.

Although we were encouraged by the reactivity of some hemilabile ligands, the chiral
induction was still deficient and therefore more rigid chiral bidentate phosphines were explored
in hopes of improving the enantioselectivity. Indeed, L3.9, the bidentate analogue of L3.4, did
provide the cyclized product with moderate enantioselectivity. However, the bidentate ligand
architecture suppressed the reaction, possibly by occupying a metal coordination site necessary
for the reaction. Next, the electron rich diphosphine L3.12 ((S,S’,R,R’)-TangPhos) was
evaluated.® Not only was high reaction conversion observed, but exceptional enantioselectivity
was also achieved, which is notable considering the elevated reaction temperature (135 °C).
Interestingly, the close analogue (S,S’,R,R’)-DuanPhos (L3.11) showed no activity for the

28



alkylation of 3.1. Furthermore, a less bulky isopropyl analogue of L3.12 resulted in only trace
reaction.

Scheme 3.1. Representative chiral ligands screened for enantioselective cyclization of 3.1
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3 H
— D) DO
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PhsP dFeD E P H P Bu Bu
L3.9 < tBu  tBu L3.12
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57% ee 0% Yield 0% Yield >95% ee

Considering the results from the ligand screen, electron rich phosphines seem to be
necessary for activity though it is not the only requirement. Partial ligand dissociation to form a
monodendate diphosphine may be occurring with L3.12 to allow for the formation of an open
coordination site necessary to provide catalytic activity.” This process may be slow for L3.9 and
inaccessible for L3.11 or the L3.12 analogue. Moreover, the factors that determine the degree
of chiral induction are unclear. Of the ligands that were evaluated, only TangPhos incorporated
all of the characteristics necessary for a successful and highly enantioselective transformation.

With the identification of TangPhos as an active and selective ligand, reaction
optimization was performed to establish THF as the optimal solvent and a slight excess of
rhodium to Tangphos as the optimal stoichiometry (Table 3.1, entry 1). With these optimized
conditions identified, substrate scope was next explored (Table 3.1). The reaction conditions
accommodated the alkylation of isomerizable and arylsubstrates (entries 2-3). The electronics
of the N-allyl tether and benzimidazole were also examined (entries 4-9). Both electron-poor
and rich substrates required higher temperatures for satisfactory reaction rates, leading to an
erosion of enantioselectivity. Finally, the 4,5-diphenyl substituted imidazole could also be
alkylated with high enantioselectivities (entry 10), although the corresponding 4,5-dimethyl
imidazole was found to be inactive (not shown). Yields were high for most substrates
examined. Starting material and products arising from hydrogenation of the starting alkene
comprised the remaining mass balance. Alkylation of 3.1 could also be successfully carried out
with 2.5% [RhCl(coe).]. and 4.9% TangPhos. Higher temperature (175°C) is required for a
convenient rate. The same yields by NMR and similar enantioselectivties (90%) were obtained
in 36 h under these conditions.
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Table 3.1. Substrate scope for the catalytic, asymmetric alkylation of imidazoles®

Rs 10% [RhCl(coe),],
f& 19% (S,S",R,R’)-TangPhos Rs
Rix N (L12) Ri NQ,*
> I )
RIN) THF (1M) Ry N
5 135-175 °C
Entry Product Temp (°C)  Time (h) Yield (%)*° ee (%)?

Wt
1 GEQ/ 135 20 89 98
N
Y
@[Q/\ 135 60 71 90
N

2
Ph
3 @ENQ, 135 46 91 97
N
Ar
4 @Ng 175 24 83 87
v
N
Ar = 4-methoxy-phenyl
Ar
5 @[Ng 175 24 87 79
Y/
N
Ar = 4-trifluoromethyl-phenyl
6 Meo@: NQ{ 175 36 89 71
7
N
7 /@:NQ/ 175 24 92 81
7
MeO N
8 FSCO: N;I{ 175 24 83 53
V
N
9

/@ENQ/* 175 24 81 71
/
FsC N
Ph *
10 IN;/ 135 08 90 95
pn” N

# Absolute stereochemistry of the HCI salt of 3.2 was determined by X-ray crystallography (see appendix).
Remaining products are assigned by analogy ® Reactions were carried out on 0.15 mmol scale. © Isolated yield after
chromatography. 4 Determined by chiral HPLC analysis.

Conclusion

In summary, a method for the catalytic asymmetric cyclization of substituted imidazoles
via C—H bond activation has been achieved. A ligand screen identified TangPhos (L3.12) as a
highly active ligand for the asymmetric cyclization of N-allylic imidazoles to yield products with
moderate to high enantioselectivities even at elevated temperatures.
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Experimental:

General Procedures. All organic reactions were performed under an atmosphere of N,
in flame- or oven-dried glassware unless otherwise stated. All preparations for all C—H activation
experiments were carried out in a N-filed Vacuum Atmospheres inert atmosphere box
(glovebox). Thin-layer chromatography was performed on Merck 60 Fas, 250-nm silica gel
plates. Visualization of the developed chromatograms was performed by fluorescence
quenching. Flash chromatography was carried out using Merck 60 230-240 mesh silica gel or a
Biotage SP Flash Purification System (Biotage No. SP1-B1A). IR spectra were recorded on a
Thermo Nicolet Avatar 370 fitted with a single bounce ZnSe ATR plate; stretching frequencies
are reported in cm” and the data shown include only major absorptions. 'H, and °C NMR
measurements were conducted using a Bruker AV-300, AVB-400, or DRX-500 spectrometer as
noted at room temperature. NMR chemical shifts are reported in ppm and referenced to residual
protonated solvent or added internal standard, and coupling constants are reported in Hz. High
resolution mass spectra (HRMS) and elemental analyses were performed by the University of
California, Berkeley Micro-Mass Facility using ProSpec equipped with an El source (El), ZAB
equipped with a FAB (FAB), or LTQ Orbitrap (ESI). X-ray crystal structures were obtained by
the University of California, Berkeley X-ray Crystallography Facility. Chiral HPLC analyses were
performed on a Shimadzu VP Series with a Chiralcel AD-H column (250 mm x 4.6 mm) or
Chiralcel AS-H (250 mm x 4.6 mm) using a flow rate of 1 mL/min. A Perkin-Elmer 241
polarimeter with a sodium lamp was used to determine specific rotations and concentrations are
reported in g/dL. Melting points of the compounds obtained as solids were measured with a
Laboratory Devices Inc. MEL-TEMP 3.0.

Materials. Unless otherwise noted, materials were obtained from commercial suppliers
and used without further purification. Tetrahydrofuran (THF) was obtained from a Seca Solvent
System by Glass Contour (solvents were passed through activated alumina columns under
nitrogen  pressure). (15,1S5,2R,2R)-1,1'-di-tert-butyl-(2,2')-diphospholane  ((S,S’,R,R)-
Tangphos) was purchased from Sigma-Aldrich. [RhCl(coe).]. (also available from Strem
Chemical) was prepared according to referenced literature procedure.® Tetrahydrofuran-d,
dioxane-dg, toluene-dg were dried over sodium/benzophenone ketyl and distilled using vacuum
transfer procedures. All liquid reagents and deuterated solvents were thoroughly degassed
using three freeze-pump-thaw cycles prior to transfer into the glovebox. Racemic samples of
the cyclized products for chiral HPLC analysis were prepared by using PCy; as a ligand instead

of (S,S’,R,R)-Tangphos.
at
v,

N

1-(2-methylenebutyl)-1H-benzo[d]imidazole. To an ice-water cooled solution of 1H-
benzimidazole (132 mg, 1.13 mmol) in THF (5 mL) was added NaH (60%/mineral oil) (81 mg,
2.0 mmol). The mixture was stirred under the same conditions for 15 minutes. 3-bromo-2-ethyl-
propene (200 mg, 1.35 mmol) was added as a solution in THF (2mL) and the mixture was
stirred at rt for 18 h. The reaction was quenched with sat. NaHCO; (aq), and the resulting
mixture was extracted three times with ethyl acetate. The organic layers were combined, dried
over anhydrous MgSQ,, filtered, and concentrated. The residue was purified by silica gel
column chromatography (200:10:1 CH,Cl,: MeOH: NH,OH) to give the title compound as a clear
oil (126 mg, 60% yield). ; Uma(film)/cm 1493, 1457; '"H NMR (400 MHz, CDCl;): 5 7.88 (s, 1H),
7.86-7.81 (m, 1H), 7.39-7.32 (m, 1H), 7.31-7.23 (m, 2H), 4.99 (s, 1H), 4.81 (s, 1H), 4.71 (s, 2H),
1.99 (g, 2H, J = 7.4 Hz), 1.06 (t, 3H, J = 7.4 Hz); 3C {1H } NMR (100 MHz, CDCI3): § 145.3,
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144.1, 143.7, 134.3, 123.2, 122.4, 120.6, 112.0, 110.3, 50.3, 26.4, 12.1; HRMS (FAB+) Calcd
for C12HysN2 [MH]* 187.1235; Found 187.1238.

or

1-(2-Phenylallyl)-1H-benzoimidazole. To a ice-water cooled solution of 1H-
benzimidazole (249 mg, 2.11 mmol) in THF (10 mL) was added NaH (60%/mineral oil) (128 mg,
3.20 mmol). The mixture was stirred under the same conditions for 15 minutes. (1-
bromomethylvinyl)benzene (389 mg, 1.98 mmol) was added as a solution in THF (3 mL), and
the mixture was stirred at rt for 18 h. The reaction was quenched with sat. NaHCO; (aq), and
the resulting mixture was extracted three times with ethyl acetate. The organic layers were
combined, dried over anhydrous MgSQ,, filtered, and concentrated. The residue was purified by
silica gel column chromatography (0-70% gradient of ethyl acetate in hexanes) followed by
washing with diethyl ether to give the title compound as a white solid (326 mg, 66% yield). mp
126-127 °C; Upax(film)/cm™ 1490; 'H NMR (400 MHz, CDCls):  7.90 (s, 1H), 7.84-7.77 (m, 1H),
7.45-7.26 (m, 8H), 5.55 (s, 1H), 5.18 (s, 2H), 4.98 (s, 1H); *C{'"H} NMR (100 MHz, CDCl;): &
143.8, 143.3, 142.2, 137.9, 133.9, 128.7, 128.5, 125.9, 123.0, 122.2, 120.4, 115.3, 110.0, 48.7;
HRMS (El): Calcd for C1¢H14N2 [M]*234.1157; Found 234.1162.

OMe
N
Ly °
N

2-(1H-benzo[d]imidazol-1-yl)-1-(4-methoxyphenyl)ethanone. To a 25 mL round
bottom flask was added benzimidazole (890 mg, 7.54 mmol), 2-bromo-1-(4-
methoxyphenyl)ethanone (695 mg, 3.05 mmol), and DMF (4 mL). The solution was stirred at rt
for 16 h during which time the solution became cloudy. DMF was removed via high-vac at 0.05
mmHg, and the resulting crude solid was suspended in CH.Cl, and washed with sat. NaHCO;
(aq). The layers were separated and the aqueous layer was washed three times with CH,Cl..
The organic layers were combined, dried over anhydrous MgSQ,, concentrated, and purified by
silica column chromatography (200:10:1 CH.Cl,: MeOH: NH,OH) to yield a white solid (350 mg,
43% vyield). Physical data were consistent with the previously reported characterization.® 'H
NMR (400 MHz, CDCls): 6 8.04 (d, 2H, J = 8.8 Hz) 7.97 (s, 1H), 7.92-7.83 (m, 1H), 7.37-7.24
(m, 3H), 7.05 (d, 2H, J = 8.8 Hz), 5.55 (d, 2H), 3.95 (s, 3H); "*C{'H} NMR (100 MHz, CDCls): &
189.9, 164.6, 144.0, 143.5, 134.5, 130.5, 127.3, 123.3, 122.4, 120.4, 114.4, 109.5, 55.7, 50.1;

OMe
N
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N

1-(2-(4-methoxyphenyl)allyl)-1H-benzo[d]imidazole. In a 25 mL Schlenk flask
equipped with a stir bar was combined 2-(1H-benzo[d]imidazol-1-yl)-1-(4-
methoxyphenyl)ethanone (280 mg, 1.05 mmol), methyl triphenylphosphonium bromide (756 mg,
2.12 mmol), and K,COj3 (336 mg, 2.43 mmol), and THF (10 mL). The suspension was heated at
135 °C for 24 h. The reaction vessel was cooled to rt, filtered through celite, and the celite was
washed with THF. The filtrate was concentrated and purified by silica column chromatography
(95:5 methyl tert-butyl ether: triethylamine) to yield a white solid (159 mg, 57%). mp 121-

Ph
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123 °C; Uma(film)/cm™ 1605, 1513; '"H NMR (300 MHz, CDCl;): & 7.89 (s, 1H), 7.84-7.76 (m,
1H), 7.45-7.38 (m, 1H), 7.37-7.22 (m, 4H), 6.86 (d, 2H, J = 8.9 Hz), 5.47 (s, 1H), 5.13 (s, 2H),
4.91 (s, 1H), 3.79 (s, 3H); *C{'"H} NMR (75 MHz, CDCl;): 5 159.8, 143.9, 143.4, 141.5, 134.0,
130.3, 127.1, 123.0, 122.2, 120.4, 114.1, 113.4, 110.0, 55.3, 48.8; HRMS (FAB+) Calcd for
C47H17N20 [MH]* 265.1341; Found 265.1339.

LI ©

2-(1H-benzo[d]imidazol-1-yl)-1-(4-(trifluoromethyl)phenyl)ethanone. To a 25 mL
round bottom flask was combined benzimidazole (231 mg, 1.96 mmol), 2-bromo-1-(4-
(trifluoromethyl)phenyl)ethanone (200 mg, 0.75 mmol), and DMF (1 mL). The solution was
stirred at rt for 16 h during which time it became cloudy. DMF was removed via high-vac at 0.05
mmHg, and the resulting crude solid was suspended in CH,Cl, and washed with sat. NaHCO;
(aq). The layers were separated and the aqueous layer was washed three times with CH,Cl..
The organic layers were combined, dried over anhydrous MgSQ,, concentrated, and purified by
silica column chromatography (200:10:1 CH.Cl,: MeOH: NH,OH) to yield a white solid (200 mg,
87% yield). mp 169-172 °C; Unax(film)/cm™ 1706, 1323; '"H NMR (400 MHz, CDCly): & 8.81 (d,
2H, J = 8.1 Hz), 7.98 (s, 1H), 7.93-7.82 (m, 3H) 7.40-7.22 (m, 3H), 5.64 (s, 2H); °C{'H} NMR
(100 MHz, CDClz): 6 8.81 (d, 2H, J = 8.1 Hz), 7.98 (s, 1H), 7.93-7.82 (m, 3H), 7.40-7.22 (m,
3H), 5.64 (s, 2H); "*C{'H} NMR (100 MHz, CDCls): 5 190.6, 143.6, 143.5, 135.9 (q, Jor = 31.5
Hz), 136.8, 134.1, 128.5, 126.3 (q, Jor = 3.7 Hz), 123.5, 123.4 (q, Jor = 271.5 Hz), 122.6,
120.7, 109.2, 50.7; "°F NMR (375 Mhz, CDCls): & -62.5; HRMS (FAB+) Calcd for CgH12FsN2O
[MH]" 305.0896; Found 305.0899.

CF;
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ox

1-(2-(4-(trifluoromethyl)phenyl)allyl)-1H-benzo[d]imidazole. To a 25 mL Schilenk
flask equipped with a stir bar was combined 2-(1H-benzo[d]imidazol-1-yl)-1-(4-
trifluoromethyl)ethanone (450 mg, 1.47 mmol), methyl triphenylphosphonium bromide (1.06 g,
2.96 mmol), K,CO;3; (470 mg, 3.40 mmol), and THF (15 mL). The suspension was heated at 135
°C for 24 h. The reaction vessel was cooled to rt, the reaction mixture was filtered through
celite, and the celite pad was washed with THF. The filtrate was concentrated, and the crude
product purified by activity Il neutral alumina chromatography (2:1 hex: EtOAc) to yield a white
solid (190 mg, 42%). mp 119-121 °C; una(film)/em™ 1498, 1325; '"H NMR (400 MHz, CDCl;): &
7.91 (s, 1H), 7.88-7.81 (m, 1H), 7.63 (d, 2H, J = 8.1 Hz), 7.52 (d, 2H, J = 8.1 Hz), 7.45-7.49 (m,
1H), 7.38-7.29 (m, 2H), 5.64 (s, 1H), 5.19 (s, 2H), 5.14 (s, 1H); "*C{'"H} NMR (100 MHz, CDCl5):
O 143.9, 143.2, 141.5, 141.4, 133.8, 130.5, (9, Jocr = 32.9 Hz), 126.3, 125.8 (q, Jo.r = 3.7 Hz),
123.9 (q, Jor = 271.5 Hz), 123.3, 122.4, 120.6, 117.4, 109.8, 48.6; '°F NMR (375 Mhz, CDCl5):
0 -61.5; HRMS (FAB+) Calcd for Cy7H4F3N2 [MH]* 303.1109; Found 303.1111.

st ot
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6-methoxy-1-(2-methylallyl)-1H-benzo[d]imidazole and 5-methoxy-1-(2-methylallyl)-
1H-benzo[d]imidazole. To an ice-water cooled solution of 6-methoxy-1H-benzo[d]imidazole
(300 mg, 2.0 mmol) in THF (5 mL) was added NaH (60%/mineral oil) (136 mg, 3.40 mmol). The
mixture was stirred under the same conditions for 15 minutes. 3-Bromo-2-methylprop-1-ene
(300 mg, 2.24 mmol) was added, and the mixture was stirred at rt for 18 h. The reaction was
quenched with sat. NaHCO; (aq), and the resulting mixture was extracted three times with ethyl
acetate. The organic layers were combined, dried over anhydrous MgSO,, filtered, and
concentrated. The residue was purified by silica gel column chromatography (10:1 t-butyl methyl
ether: triethylamine) to obtain two clear oils. Less polar product (6-methoxy-1-(2-
methylallyl)-1H-benzo[d]imidazole): 100 mg (24% vyield); Unax(film)/cm™ 1491, 1438, 1224; 'H
NMR (300 MHz, CDCl,): 6 7.76 (s, 1H), 7.66 (d, 1H, J = 8.6 Hz), 6.90 (dd, 1H, J = 8.6, 2.0 Hz),
6.78 (d, 1H, J = 2.0 Hz), 4.97 (s, 1H), 4.79 (s, 1H), 3.83 (s, 2H), 3.83 (s, 3H), 1.69 (s, 3H);
3C{1H} NMR (75 MHz, CDCls):  157.0, 142.9, 139.7, 138.6, 134.9, 121.0, 114.1, 111.6, 93.9,
56.1, 51.3, 20.1; HRMS (FAB+) Calcd for Ci2H{sN>O [MH]" 203.1184; Found 203.1185. More
polar product (5-methoxy-1-(2-methylallyl)-1H-benzo[d]imidazole): 60 mg (14%);
Unax(film)/cm™ 1492, 1430, 1224; "H NMR (300 MHz, CDCls): 7 7.81 (s, 1H), 7.26 (d, 1H, J =
2.3 Hz), 7.22 (d, 1H, J = 8.9 Hz), 6.91 (dd, 1H, J= 8.9, 2.3 Hz), 4.97 (s, 1H), 4.81 (s, 1H), 4.53
(s, 2H), 3.84 (s, 3H), 1.67 (s, 3H); *C{'H} NMR (75 MHz, CDCl;): & 156.4, 145.0, 143.8, 139.9,
128.9, 114.2, 113.5, 110.7, 102.6, 56.0, 51.53, 20.0; HRMS (FAB+) Calcd for C12H15sN.O [MH]*
203.1184; Found 203.1187.

: a
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1-(2-methylallyl)-6-(trifluoromethyl)-1H-benzo[d]imidazole and 1-(2-methylallyl)-5-
(trifluoromethyl)-1H-benzo[d]imidazole. To an ice-water cooled solution of 6-
(trifluoromethyl)-1H-benzo[d]imidazole'™ (250 mg, 1.34 mmol) in THF (5 mL) was added NaH
(60%/mineral oil) (91 mg, 2.28 mmol). The mixture was stirred under the same conditions for 15
minutes. 3-Bromo-2-methylprop-1-ene (216 mg, 1.61 mmol) was added, and the mixture was
stirred at rt for 18 h. The reaction was quenched with sat. NaHCO; (aq), and the resulting
mixture was extracted three times with ethyl acetate. The organic layers were combined, dried
over anhydrous MgSQ,, filtered, and concentrated. The residue was purified by silica gel
column chromatography (200:10:1 CH.Cl,: MeOH: NH,OH) to obtain two white solids. Less
polar product (1-(2-methylallyl)-5-(trifluoromethyl)-1H-benzo[d]imidazole): 50 mg (16%);
mp 42-43 °C; Upa(film)/ecm™ 1503, 1326; '"H NMR (400 MHz, CDCl;): 5 8.07 (s, 1H), 7.97 (s,
1H), 7.50 (d, 1H, J = 8.4 Hz), 7.42 (d, 1H, J = 8.4 Hz), 5.00 (s, 1H), 4.77 (s, 1H), 4.69 (s, 2H),
1 67 (s, 3H); "C{'H} NMR (100 MHz, CDCl;): 5 145.2, 143.2, 139.0, 135.9, 124.7,(q, Jor = 31.5
, 124.0 ( % Jor = 271.4 Hz), 119.9 (q, Jocr = 2.9Hz), 118.0 (q, Jor = 3.7 Hz), 114.3, 110.6,
51 2 19.7; F NMR (375 MHz, CDCls): & -59.8; HRMS (FAB+) Calcd for CisHisFsN, [MH]*
241. 0953 Found 241.0954. More polar product (1-(2-methylallyl)-6-(trifluoromethyl)-1H-
benzo[d]imidazole): 50 mg (16%); mp 35-37 °C; Uma(film)/lcm™ 1486, 1325; '"H NMR (400
MHz, CDCls): 6 8.01 (s, 1H), 7.88 (d, 1H, J= 8.4 Hz), 7.64 (s, 1H), 7.52 (d, 1H, J= 8.4 Hz), 5.02
(s, 1H), 4.80 (s, 1H), 4.73 (s, 2H), 1.71 (s, 3H); "*C{"H} NMR (100 MHz, CDCls): d 145.9, 145.6,
138.9, 133.4, 125.2 (q, Jor = 32.5 Hz), 124.8 (q, Jor = 270.2 Hz), 120.8, 119.2 (q, Jor = 3.7
Hz), 114.4, 107.9 (q, Jor = 4.1 Hz), 51.2, 19.7; ®F NMR (375 MHz, CDCl;): & -59.9 HRMS
(FAB+) Calcd for CyoH12F3N, [MH] 241.0953; Found 241.0952.
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1-(2-Methylallyl)-4,5-diphenyl-1H-imidazole. To an ice-water cooled solution of 4,5-
diphenyl-1H-imidazole (1.00 g, 4.54 mmol) in THF (20 mL) was added NaH (60%/mineral oil)
(284 mg, 7.10 mmol). The mixture was stirred under the same conditions for 15 minutes. 3-
Bromo-2-methylpropene (0.49 mL, 4.9 mmol) was added, and the mixture was stirred at rt for 18
h. The reaction was quenched with sat. NaHCO; (aq), and the resulting mixture was extracted
three times with ethyl acetate. The organic layers were combined, dried over anhydrous
MgSOQO,, filtered, and concentrated. The residue was purified by silica gel column
chromatography (0-50% gradient of ethyl acetate in hexanes) followed by washing with diethyl
ether to give the title compound as a white solid (671 mg, 54% yield). mp 94-95 °C;
Unax(film)/cm™ 1600, 1503; '"H NMR (400 MHz, CDCls): 8 7.60 (s, 1H), 7.52-7.46 (m, 2H), 7.45-
7.39 (m, 3H), 7.35-7.29 (m, 2H), 7.24-7.17 (m, 2H), 7.17-7.10 (m, 1H), 4.90 (s, 1H), 4.60 (s,
1H), 4.28 (s, 2H), 1.64 (s, 3H); *C{'H} NMR (100 MHz, CDCl;): & 140.9, 137.9, 137.2, 134.6,
130.8, 130.6, 128.9, 128.7, 128.6, 128.1, 126.5, 126.2, 113.0, 50.5, 19.9; HRMS (EI): Calcd for
Cig9H1sN2 [M]*274.1470; Found 274.1471.

General Procedure for ligand screen and reaction optimization. In a nitrogen-filled
inert atmosphere box, [RhCl(coe),]. (2.9 mg, 0.0040 mmol), ligand, substrate (0.05 mmol), and
solvent (0.4 mL) were combined in a medium-walled NMR tube. The tube was fitted with a
Cajon adapter, frozen with liquid nitrogen, and flame-sealed under vacuum. The tube was then
placed in an oil bath set to the desired temperature. Periodically, the tube was removed from
the bath, cooled to room temperature, and analyzed by 'H-NMR spectroscopy. All optimization
reactions were carried out via this procedure by varying temperature, solvent, ligand, ligand
loading, and additives.

General procedure for asymmetric alkylation. To a scintillation vial in a glovebox,
was added (S,S’,R,R)-Tangphos (8.1 mg, 0.028 mmol), [RhCl(coe).]. (10.8 mg, 0.0150 mmol),
substrate (0.15 mmol) and THF (1.5 mL). The solution was then transferred to a 15 mL Schlenk
tube, heated for the specified time, cooled to rt, and concentrated. The residue was purified by
silica gel column chromatography (200:10:1 CH.Cl,: MeOH: NH,OH) to yield the desired

product.
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2-Methyl-2,3-dihydro-1H-benzo[d]pyrrolo[1,2-alimidazole  (3.2). The general
procedure was applied using 1-(2-methylallyl)-1H-benzo[d]imidazole as the substrate. The
reaction vial was heated at 135 °C for 20 h, and after purification the product was obtained as a
white solid (23 mg, 89%). mp 85-87 °C; [a]p® +21.43 (c 0.19, CHCI3); Umax(film)/cm™ 1615,
1521, 1453; '"H NMR (400 MHz, CDCl,): 5 7.73-7.66 (m, 1H), 7.32-7.17 (m, 3H), 4.26 (dd, 1H, J
= 7.6, 10.0 Hz), 3.66 (dd, 1H, J = 6.0, 10.0 Hz), 3.29-3.12 (m, 2H), 2.69 (dd, 1H, J = 6.0, 15.6
Hz), 1.35 (d, 3H, J = 6.8 Hz); *C{'H} NMR (100 MHz, CDCl;): 5 160.6, 148.5, 132.4, 121.8,
121.6, 119.6, 109.4, 50.1, 35.7, 32.2, 20.0; HRMS (El): m/z calcd. for C11H2N, (M*): 172.1000;
found: 172.1006; HPLC (Chiralcel AD-H column, 5% PrOH/hexanes, 1mL/min): major, 18.45
min; minor, 21.50 min; 98% ee._ X-ray quality crystals of the HCI salt of 2 (CCDC 727522) were
obtained by dissolving the compound in a minimal amount of Et,O, precipitation with 1M HCI in
Et,O, and recrystallation from CH,Cl./hexanes.

NQ*A
CLg
N
2-Ethyl-2,3-dihydro-1H-benzo[d]pyrrolo[1,2-alimidazole. The general procedure was
applied using 1-(2-methylenebutyl)-1H-benzo[d]imidazole as the substrate. The reaction vial

was heated at 135 °C for 60 h, and after purification the product was obtained as a yellowish oil

35



(20 mg, 71%). [a]o™ +7.28 (c 0.38, CHCIl3); Umax(film)/cm™ 1525, 1451; '"H NMR (400 MHz,
CDClg): & 7.77-7.69 (m, 1H), 7.35-7.29 (m, 1H), 7.29-7.20 (m, 2H), 4.29 (dd, 1H, J = 10.1, 8.1
Hz), 3.75 (dd, 1H, J= 10.1, 6.8 Hz), 3.26 (dd, 1H, J = 16.6, 8.6 Hz), 3.06 (apparent septet, 1H),
2.77 (dd, 1H, J = 16.6, 7.1 Hz), 1.75 (m, 2H), 1.09 (t, 3H, J = 7.3 Hz); *C{'"H} NMR (100 MHz,
CDCl5): 6 160.6, 148.5, 132.4, 121.8, 121.6, 119.6, 109.4, 48.4, 42.8, 30.1, 27.8, 12.1; HRMS
(El): m/z calcd. for CyoHsNo [MH]* 187.1232; Found 187.1230; HPLC (Chiralcel AD-H column
5% EtOH/hexanes, 1mL/min): major, 30.85 min; minor, 28.20 min; 90% ee.

Ty’

2-Phenyl-2,3-dihydro-1H-benzo[d]pyrrolo[1,2-alimidazole. The general procedure
was applied using 1-(2-Phenylallyl)-1H-benzoimidazole as the substrate. The reaction vial was
heated at 135 °C for 46 h, and after purification the product was obtained as a white solid (32
mg, 91%). mp 144-146 °C; [a]p® +64.55 (c 0.44, CHCl3);  uma(film)/cm™ 1618, 1516; 'H NMR
(400 MHz, CDCly): 6 7.78-7.70 (m, 1H), 7.46-7.19 (m, 8H), 4.54 (dd, 1H, J = 8.4, 10.0 Hz), 4.28
(m, 1H), 4.10 (dd, 1H, J = 7.2, 10.0 Hz), 3.53 (dd, 1H, J = 8.4, 16.8 Hz), 3.21 (dd, 1H, J= 7.2,
16.8 Hz); "*C{'"H} NMR (100 MHz, CDCl;):  159.9, 148.6, 141.8, 132.3, 129.1, 127.6, 126.9,
122.1,121.9, 119.8, 109.6, 50.4, 46.2, 32.4; HRMS (El): m/z calcd. for C1gH14N, (M*): 234.1157,
found: 234.1160; HPLC (Chiralcel AD-H column, 10% iPrOH/hexanes, 1mL/min): major, 41.78

min; minor, 35.43 min; 97% ee.

2-(4-methoxy-phenyl)-2,3- d|hydro 1H-benzo[d]pyrrolo[1,2-alimidazole. The general
procedure was applied using 1-(2-(4-methoxyphenyl)allyl)-1H-benzo[d]imidazole as the
substrate. The reaction vial was heated at 175 °C for 24 h, and after purification the product
was obtained as a yellowish solid (33 mg, 83%). mp 115-117 °C; [a]s®® +48.11 (c 0.9, CHCIy);
Umax(film)/em™ 1513; 'H NMR (400 MHz, CDCls): & 7.77-7.69 (m, 1H), 7.35-7.15 (m, 5H), 6.88
(d, 2H, J= 8.6 Hz), 4.47 (dd, 1H, J=10.1, 8.1 Hz), 4.21 (m, 1H), 4.02 (dd, 1H, J= 10.1, 8.1 Hz),
3.80 (s, 3H), 3.48 (dd, 1H, J = 16.9, 8.8 Hz), 3.14 (dd, 1H, J = 16.9, 8.6 Hz); "*C{"H} NMR (100
MHz, CDClz): & 159.9, 158.8, 148.5, 133.6, 132.2, 127.9, 121.9, 121 7 119.6, 114.3, 109.5,
55.3, 50.4, 454, 32.5; HRMS (FAB+): m/z calcd. for Cy7H{7No.O (MH"): 265.1335; found:
265.1333; HPLC (Chiralcel AD-H column, 10% EtOH/hexanes, 1mL/min): major, 47.10 min;
minor, 32.32 min; 87% ee.

CF3

N
7
N

2-(4-trifluoromethyl-phenyl)-2,3-dihydro-1H-benzo[d]pyrrolo[1,2-alimidazole. The
general procedure was applied using 1-(2-(4-(trifluoromethyl)phenyl)allyl)-1H-benzo[d]imidazole
as the substrate. The reaction mixture was heated at 175 °C for 24 h, and after purification the
product was obtained as a yellowish solid (39 mg, 87%). mp 162-165 °C; [a]p?* +36.63 (c 0.8,
CHCl3); Upax(film)/ecm™ 1538, 1412, 1324; 'H NMR (400 MHz, CDCl3): & 7.80-7.71 (m, 1H), 7.62
(d, 2H, J= 8.2 Hz), 7.39 (d, 2H, J = 8.2 Hz), 7.34-7.21 (m, 3H), 4.56 (dd, 1H, J = 10.4, 8.1 Hz),
4.33 (m, 1H), 4.10 (dd, 1H, J = 10.4, 7.9 Hz), 3.56 (dd, 1H, J = 16.9, 8.8 Hz), 3.19 (dd, 1H, J=

36



16.9, 7.3 Hz); *C{'"H} NMR (100 MHz, CDCl;): 5 159.4, 148.7, 145.9, 132.2, 130.0 (q, Jor =
33.0 Hz), 127.4, 126.3 (q, Jo.r = 3.9 Hz), 124.0 (q, Jocr = 272.3 Hz), 122.3, 122.1, 119.9, 109.6,
50.1, 45.8, 32.2; "°F NMR (375 MHz, CDCls): 8 -61.7; HRMS (FAB+) Calcd for C17H14F5N» [MH]*
303.1109; Found 303.1106; HPLC (Chiralcel AD-H column, 10% EtOH/hexanes, 1mL/min):
major, 26.66 min; minor, 22.43 min; 79% ee.

MeO N;j{
T
N

2-Methyl-2,3-dihydro-1H-7-methoxy-benzo[d]pyrrolo[1,2-a]imidazole. The general
procedure was applied using (6-methoxy-1-(2-methylallyl)-1H-benzo[d]imidazole) as the
substrate. The reaction vial was heated at 175 °C for 36 h, and after purification the product
was obtained as a yellowish solid (27 mg, 89%). mp 100-103 °C; [a]o® +22.95 (¢ 0.9, CHClI,);
Umax(film)/em™ 1626, 1457, 1408; 'H NMR (500 MHz, CDCls): 5 7.54 (d, 1H, J = 8.1 Hz), 6.83
(dd, 1H, J = 8.1, 2.3 Hz), 6.74 (d, 1H, J = 2.3 Hz), 4.17 (dd, 1H, 1H, J = 9.9, 7.6 Hz), 3.83 (s,
3H), 3.58 (dd, 1H, J = 9.9, 6.9 Hz), 3.22-3.07 (m, 2H), 2.68-2.56 (m, 1H), 1.31 (d, 3H, J = 6.7
Hz); "*C{'H} NMR (125 MHz, CDCl;): & 159.7, 155.8, 142.8, 132.8, 119.8, 110.2, 93.5, 55.8,
49.9, 35.6, 32.0, 19.9; HRMS (FAB+): m/z calcd. for Ci2HisN.O (MH™): 203.1179; found:
203.1175; HPLC (Chiralcel AS-H column, 2% EtOH/hexanes w/ 0.1% diethylamine, 1mL/min):
major, 33.96 min; minor, 40.53 min; 71% ee.

N;j{
Y/
MeO N

2-Methyl-2,3-dihydro-1H-6-methoxy-benzo[d]pyrrolo[1,2-a]imidazole. The general
procedure was applied using (5-methoxy-1-(2-methylallyl)-1H-benzo[d]imidazole) as the
substrate. The reaction vial was heated at 175 °C for 24 h, and after purification the product
was obtained as a yellowish solid (28 mg, 92%). mp 119-122 °C; [a]p® +12.56 (¢ 0.7, CHClI3);
Umax(film)/em™ 1522, 1282, 1442; 'H NMR (400 MHz, CDCl,): 5 7.19 (d, 1H, J = 2.3 Hz), 7.14 (d,
1H, J= 8.8 Hz), 6.84 (dd, 1H, J= 8.8, 2.3 Hz), 4.21 (dd, 1H, J= 10.0, 7.7 Hz), 3.85 (s, 3H), 3.62
(dd, 1H, J = 10.0, 6.0 Hz), 3.26-3.09 (m, 2H), 2.72-2.59 (m, 1H), 1.33 (d, 3H, J = 6.6 Hz);
3C{'H} NMR (100 MHz, CDCI3): 5 162.4, 155.7, 149.2, 127.0, 111.2, 109.6, 102.3, 55.8, 50.2,
35.6, 32.3, 20.0; HRMS (FAB+): m/z calcd. for CioH1sN.O (MH*): 203.1184; found: 203.1177;
HPLC (Chiralcel AS-H column, 2% EtOH/hexanes w/ 0.1% diethylamine, 1mL/min): major,
33.67 min; minor, 38.65 min; 81% ee.

FsC N;:K
Ly
N

2-Methyl-2,3-dihydro-1H-7-trifluoromethyl-benzo[d]pyrrolo[1,2-a]limidazole. The
general procedure was applied using (1-(2-methylallyl)-6-(trifluoromethyl)-1H-
benzo[d]imidazole) as the substrate. The reaction vial was heated at 175 °C for 24 h, and after
purification the product was obtained as a yellowish solid (30 mg, 83%). mp 80-83 °C; [a]p®®
+10.89 (c 0.9, CHCIg); Umax(film)/cm™ 1523, 1454, 1309; '"H NMR (400 MHz, CDCl;): & 7.76 (d,
1H, J= 8.6 Hz), 7.58 (s, 1H), 7.48 (d, 1H, J = 8.6 Hz), 4.32 (dd, 1H, J = 10.2, 7.8 Hz), 3.73 (dd,
1H, J = 10.2, 6.3 Hz), 3.36-3.17 (m, 2H), 2.72 (dd, 1H, J = 15.1, 5.6 Hz), 1.37 (d, 3H, J = 6.6
Hz); "*C{"H} NMR (100 MHz, CDCls): & 163.3, 150.6, 131.8, 124.9 (q, Jo.r = 271.5 Hz), 124.0 (q,
Jor = 32.2 Hz), 119.8, 118.7 (q, Jor = 3.7 Hz), 107.2 (q, Jor = 4.4 Hz), 50.3, 35.7, 32.2, 19.9;
HRMS (FAB+): m/z calcd. for CioHq2 F3No (MH™): 241.0953; found: 241.0944; HPLC (Chiralcel
AS-H column, 2% EtOH/hexanes, 1mL/min): major, 22.75 min; minor, 17.55 min; 53% ee.
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N;j{
7
FoC N

2-Methyl-2,3-dihydro-1H-6-trifluoromethyl-benzo[d]pyrrolo[1,2-a]limidazole. The
general procedure was applied using (1-(2-methylallyl)-5-(trifluoromethyl)-1H-
benzo[d]imidazole) as the substrate. The reaction vial was heated at 175 °C for 24 h, and after
purification the product was obtalned as a yeIIOW|sh solid (29 mg, 81%). mp 107-110 °C; [a]p*°
+4.02 (c 1.0, CHCI3); Unmax(film)/em™ 1531, 1322; "H NMR (400 MHz, CDCls): & 7.95 (s, 1H), 7.46
(d, 1H, J=8.3 Hz), 7.3 (d, 1H, J = 8.3 Hz), 4.29 (dd, 1H, J = 10.1, 7.6 Hz), 3.69 (dd, 1H, J =
10.1, 6.3 Hz), 3.32-3.15 (m, 2H), 2.72 (dd, 1H, J = 15.7, 5.8 Hz), 1.36 (d, 3H, J = 6.6 Hz);
3C{'H} NMR (100 MHz, CDCl;): & 162.7, 147.9, 134.4, 125.0 (q, Jo.r = 271.5 Hz), 124.1 (q, Jor
= 3.1 Hz), 118.9 (q, Jor = 3.6 Hz), 117.1 (q, Jocr = 3.7 Hz), 109.7, 50.2, 35.8, 32.2, 19.9; HRMS
(FAB+): m/z calcd. for CioHi2F3No (MH*): 241.0953; found: 241.0947; HPLC (Chiralcel AS-H
column, 2% EtOH/hexanes, 1mL/min): major, 13.44 min; minor, 14.75 min; 71% ee.

s

6-Methyl-2,3-diphenyl-6,7- dlhydro 5H-pyrrolo[1,2-alimidazole. The general
procedure was applied using 1-(2-Methylallyl)-4,5-diphenyl-1H-imidazole as the substrate. The
reaction vial was heated at 135 °C for 98 h, and after purification the product was obtained as a
white solid (37 mg, 90%). mp 139-141 °C; [a]p® +4.09 (c 0.29, CHCl5); Umax(film)/cm™ 1599; 'H
NMR (400 MHz, CDClg): & 7.55 (d, 2H, J = 7.2 Hz), 7.42-7.12 (m, 8H), 4.08 (dd, 1H, J = 7.6,
10.4 Hz), 3.53 (dd, 1H, J = 6.4, 10.4 Hz), 3.23-3.04 (m, 2H), 2.63 (dd, 1H, J = 6.4, 15.6 Hz),
1.30 (d, 3H, J = 6.8 Hz); "*C{"H} NMR (100 MHz, CDCls): 5 153.1, 141.2, 135.2, 131.3, 128.9,
128.8, 128.2, 127.7, 127.1, 126.4, 125.2, 51.8, 35.6, 32.3, 19.8; HRMS (EIl): m/z calcd. for
CigH1gN2 (M¥): 274.1470; found: 274.1474; HPLC (Chiralcel AD-H column, 3% EtOH/hexanes,
1mL/min): major, 18.40 min; minor, 16.20 min; 95% ee.
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Appendix: Chapter 3. X-ray Crystal Data
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Q/ \o

A colorless plate 0.06 x 0.05 x 0.02 mm in size was mounted on a Cryoloop with
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 5
seconds per frame using a scan width of 0.5°. Data collection was 99.7% complete to
67.00° in [1. A total of 9520 reflections were collected covering the indices, -
13<=h<=17, -8<=k<=8, -12<=k=11. 1990 reflections were found to be symmetry
independent, with an Ri; of 0.0186. Indexing and unit cell refinement indicated a
primitive, Orthorhombic lattice. The space group was found to be P2(1)2(1)2 (No. 18).
The data were integrated using the Bruker SAINT software program and scaled using
the SADABS software program. Solution by direct methods (SIR-2004) produced a
complete heavy-atom phasing model consistent with the proposed structure. All non-
hydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-97).
All hydrogen atoms were placed using a riding model. Their positions were constrained
relative to their parent atom using the appropriate HFIX command in SHELXL-97.
Absolute stereochemistry at C(8) was determined to be S.
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Table 1. Crystal data and structure refinement for ellman03.

X-ray ID
Sample/notebook ID
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color/habit

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

ellman03

HHII-149a

Cl11 H13 CIN2

208.68

100(2) K

1.54178 A

Orthorhombic

P2(1)2(1)2

a=14.8792(16) A a=90°.
b=7.4397(8) A B=90°.
c=10.0119(11) A ¥=90°.
1108.3(2) A3

4

1.251 Mg/m?

2.737 mm!

440

0.06 x 0.05 x 0.02 mm?

colorless plate

4.42 to 68.24°.

-13<=h<=17, -8<=k<=8, -12<=I<=11
9520

1990 [R(int) = 0.0186]

99.7 %

Semi-empirical from equivalents
0.9473 and 0.8530

Full-matrix least-squares on F2
1990/0/ 128

1.082

R1=0.0353, wR2 =0.0933
R1=0.0357, wR2 =0.0936

0.03(2)

0.452 and -0.195 e.A3

42



Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)
for ellman03. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

x y 2 Uleq)
c(1) 778(2) 8203(3) 904(2) 22(1)
CQ) 36(2) 7627(3) 169(2) 27(1)
CcB3) 693(2) 7010(3) 892(3) 29(1)
C4) -700(2) 6980(3) 2288(3) 26(1)
C(5) 25(2) 7563(3) 3027(2) 22(1)
C(6) 766(1) 8162(3) 2307(2) 20(1)
) 2077(2) 9181(3) 3946(2) 23(1)
C(8) 2853(1) 10402(3) 3474(2) 23(1)
C(9) 2958(1) 10033(3) 1958(2) 23(1)
C(10) 2058(2) 9305(3) 1611(2) 20(1)
C(11) 3711(2) 10135(4) 4260(2) 33(1)
N(1) 1599(1) 8918(2) 517(2) 22(1)
N(2) 1586(1) 8885(2) 2689(2) 19(1)
CI(1) 2941(1) 5171(1) 2300(1) 26(1)
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Table 3. Bond lengths [A] and angles [°] for ellman03.

C(1)-N(1)
C(1)-C(2)
C(1)-C(6)
C(2)-C(3)
C(2)-H(2)
C(3)-C4)
C(3)-H(3)
C4)-C(5)
C(4)-H4)
C(5)-C(6)
C(5)-H(5)
C(6)-N(2)
C(7)-N(2)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-C(11)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9A)
C(9)-H(9B)
C(10)-N(1)
C(10)-N(2)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
N(1)-H(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H4)

1.388(3)
1.394(3)
1.405(3)
1.383(4)
0.95
1.398(4)
0.95
1.378(3)
0.95
1.390(3)
0.95
1.387(3)
1.472(3)
1.542(3)
0.99
0.99
1.513(3)
1.551(3)
1
1.485(3)
0.99
0.99
1.322(3)
1.325(3)
0.98
0.98
0.98
0.88
131.8(2)
107.3(2)
120.8(2)
116.5(2)
121.7
121.7
122.32)
118.8
118.8
121.72)
119.1
119.1

C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
N(2)-C(6)-C(5)
N(2)-C(6)-C(1)
C(5)-C(6)-C(1)
N(2)-C(7)-C(8)
N(2)-C(7)-H(7A)
C(8)-C(7)-H(7A)
N(2)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(11)-C(8)-C(7)
C(11)-C(8)-C(9)
C(7)-C(8)-C(9)
C(11)-C(8)-H(8)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
N(1)-C(10)-N(2)
N(1)-C(10)-C(9)
N(2)-C(10)-C(9)
C(8)-C(11)-H(11A)
C(8)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(8)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(10)-N(1)-C(1)
C(10)-N(1)-H(1)
C(1)-N(1)-H(1)
C(10)-N(2)-C(6)
C(10)-N(2)-C(7)
C(6)-N(2)-C(7)

44

116.3(2)
121.8
121.8

132.7(2)

104.9(2)

122.3(2)

101.41(16)
1115
1115
1115
1115
109.3

113.26(18)

113.66(18)

105.70(17)

108
108
108

101.73(17)
111.4
111.4
111.4
111.4
109.3

110.43(19)

137.7(2)

111.88(18)
109.5
109.5
109.5
109.5
109.5
109.5

107.90(18)

126
126

109.45(19)

113.46(16)

136.92(19)



Table 4. Anisotropic displacement parameters (A2x 103)for ellman03. The anisotropic

displacement factor exponent takes the form: -272[ h2a*2U!! + ... + 2 hk a* b* U!? ]

Ull U22 U33 U23 U13 U12
c() 25(1) 18(1) 23(1) -1(1) -1(1) 4(1)
c) 31(1) 23(1) 25(1) 3(1) -8(1) 6(1)
¢&)) 25(1) 23(1) 38(1) 3(1) -12(1) 0(1)
C4) 19(1) 21(1) 39(1) 2(1) 2(1) 0(1)
C(5) 22(1) 21(1) 24(1) 2(1) 1(1) 3(1)
C(6) 20(1) 17(1) 24(1) 2(1) 2(1) 3(1)
C() 24(1) 28(1) 16(1) -1(1) 3(1) 1(1)
C(8) 22(1) 26(1) 23(1) -1(1) -1(1) -1(1)
C9) 23(1) 23(1) 22(1) 0(1) 2(1) 2(1)
C(10) 23(1) 17(1) 20(1) -1(1) 2(1) 4(1)
c1) 25(1) 41(1) 33(1) 0(1) -6(1) -1(1)
N(1) 26(1) 22(1) 16(1) 0(1) 1(1) 3(1)
N(2) 19(1) 21(1) 16(1) 1(1) 0(1) 1(1)
CI(1) 31(1) 25(1) 22(1) 2(1) 3(1) 0(1)
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Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2 103)

for ellman03.

x y z Uleq)
H(2) 32 7657 -780 32
H(@3) -1208 6592 424 34
H4) -1218 6546 2740 32
H(5) 20 7556 3976 27
H(7A) 2305 8037 4322 27
H(7B) 1697 9790 4618 27
H(8) 2659 11679 3588 28
H(9A) 3088 11152 1459 27
H(9B) 3438 9144 1782 27
H(11A) 3594 10350 5210 49
H(11B) 4168 10981 3943 49
H(11C) 3926 8901 4137 49
H(1) 1781 9085 -310 26
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Chapter 4. Rh(lll)-Catalyzed Oxidative Coupling of Unactivated Alkenes via C-H
Activation

Oxime directed aromatic C—H bond activation and oxidative coupling to alkenes is
reported using a cationic Rh(lll) catalyst. Significantly, the method can be used to oxidatively
couple unactivated, aliphatic alkenes. A majority of this work has been published in a
communication (Tsai, A. S.; Brasse, M.; Bergman, R. G.; Ellman, J. A. Org. Lett. 2010, ASAP)
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Introduction

Directed C—H bond activation and oxidative coupling with alkenes provides an atom
economical alternative to traditional transformations such as the Heck reaction. Palladium,’?
ruthenium,® and rhodium*® have been reported to effect the former transformation. However,
nearly all oxidative couplings have employed “activated” alkenes such as acrylates and
styrenes.®**™ Herein, we report a general method for the oxidative coupling of aryl O-methyl
oximes with unactivated alkenes via C—H bond functionalization using a cationic Rh(lll) catalyst.

Results and Discussion

We began our exploration with attempts to oxidatively couple 1-hexene with imine 4.1a.
We initially employed conditions reported by Miura for the oxidative coupling of 1-
phenylpyrazole with acrylates using [Cp*RhCly], as the catalyst in the presence of Cu(OAc), as
an oxidant and with DMF as the solvent (Table 4.1, entry 1).>* Only trace amounts of the
coupled product were observed, and none of the desired product was obtained with other
solvents (entries 2 and 3). Prompted by reports that noted a positive effect of halide abstractors
for rhodium catalysis, AgSbFs was added® and resulted in improved yields (entries 4-7) with the
highest yield being obtained with ethanol as the solvent (entry 6). The combination of rhodium
with silver was next tested without copper acetate or using other oxidants (Ag.COs,
benzoquinone, PhI(OAc),), bases (NaOAc, lutidine) or acids (AcOH), but all of these
modifications resulted either in a reduced yield or no coupled product (not shown). A survey of
other directing groups established that O-methyl oxime 4.1b (entries 8-10) is superior to the
corresponding N-benzyl imine 4.1a, providing good yields of the trans alkene product in THF
(entry 10).

Table 4.1. Optimization of the Oxidative Coupling Reaction

10% [Cp*RhCly], Bu
NY Cu(OAc), (2.1 equiv) P

NY
o
solvent (0.1 M)

additive (40 mol %)

entry substrate additive solvent yield®
1 Y = Bn (4.1a) - DMF Trace
2 Y =Bn (4.1a) - THF 0
3 Y =Bn (4.1a) - tAmOH 0
4 Y = Bn (4.1a) AgSbFe DMF 11%
5 Y = Bn (4.1a) AgSbFe tAmOH 27%
6 Y = Bn (4.1a) AgSbFe EtOH 45%
7 Y =Bn (4.1a) AgSbFe THF 10%
8 Y = OMe (4.1b) AgSbFe tAmOH 60%
9 Y = OMe (4.1b) AgSbFe DMF 30%
10 Y = OMe (4.1b) AgSbFe THF 85%
11 acetanilide AgSbFg THF 0%

4 NMR yield relative to 2,6-dimethoxytoluene as an internal standard
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Trace amounts of the cis product could also be detected under these conditions (5-10%) and no
migration of the double bond was observed. Of note, while the reaction is water sensitive, it is
not air sensitive. The reaction mixture could be exposed to the atmosphere with no decrease in
yield. No coupled product was observed for acetanilide which has been reported to direct the
oxidative coupling of styrenes using the same [Cp*RhCl,]./AgSbFg system (entry 11).

Alkene scope was next explored (Table 4.2). A B-branched alkene provided the coupled
product in high yield (entry 2), while an a-branched alkene resulted in a somewhat lower yield
(entry 3). The reaction is compatible with chloro and ester functionalities (entries 4 and 5).
Notably, diene 4.2e preferentially couples at the terminal alkene position in preference to the
more electronically activated a,B-unsaturated ester (entry 5). Reactions with activated alkenes
such as styrene and ethyl acrylate proceed well to give good yields of the alkenylated products
(entries 6 and 7). Interestingly, use of allyl acetate as the coupling partner lead to formation of
the unconjugated terminal alkene 4.3h (entry 8). This allylated product presumably forms via a
concerted elimination from a rhodium-acetate complex obtained upon insertion of the alkene in
the initally generated rhodium-aryl species (eq 4.1).” While this transformation is redox neutral,
only trace amounts of product are obtained when Cu(OAc), is omitted. However, the reaction
can be performed using substoichiometric amounts of Cu(OAc). (40 mol %) without loss in yield.

Table 4.2. Alkene Scope®

R
5% [Cp*RNClob, 20% AgSbFs

MeO\N
| R Cu(OAC), (2.1 equiv) N 7
+ —/ |
THF, 75°C,20 h
4.1b

entry alkene product yield® entry alkene product yield?
COzMe
Bu
Bu MeO\N P / CO,Me
1 _ | 75% 5 /7, 80%
4.2a 4.2¢
4.3a iPr
MeO\N = Ph
2 :/_< ! 84% 6 =/ N 98%
4.2f
4.2b
4.3b
et Cy ot 4.3f co,Et
€0, Z 2 MeO
3 p N 53% 7 = ‘N7 81%
— 4.29 |
4.2¢
4.3c ( c
MeO. P 3 4.39 |
OAc
4 :ﬁf' 85% 8 -/ MeO. 46%
4.2h |
4.2d
4.3d
4.3h

& All reactions were performed by heating the oxime (1 equiv), alkene (3 equiv), [Cp*RhCla]2 (5 mol %), AgSbFs
(20 mol %), Cu(OAc)2 (2.1 equiv), and THF (0.1 M) in a sealed vial for 20 h at 75 °C. ®|solated yields after purification
by chromatography are reported.
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OAc |
MeO. MeO
" OAc MeO. E : * )
|N RhCp*X _/ |N RhCp*™X _cp*RhOACX |N (4.1)
= . B )

Under the optimized conditions, a variety of different aryl O-methyl oximes could be
coupled with alkenes in good yield (Scheme 4.1). Substrates with para (4.4d-g) or meta (4.4c)
substitution patterns and both electron withdrawing (4.4e-g) and releasing (4.4d) substituents
were effective coupling partners. However, the electron poor substrates 4.4f and 4.49g required
longer reaction times to achieve full conversion. The brominated analogue 4.4e not only coupled
efficiently but also did not suffer any Heck coupling or proto-debromination. In contrast, the
para-cyano aryl oxime 4.4h gave only a poor yield of coupled product (10% by NMR), probably
due to coordination of the nitrile to the catalyst. A small amount of the bis-alkenylated product,
less than 10% by NMR, was observed for oximes 4.4a and 4.4e, and under the standard
reaction conditions 4.4d resulted in 30% of the bis-alkenylated product. However, this undesired
product could be reduced to trace amounts using 1.5 equiv of the alkene. Ortho-methyl
substituted aryl oxime 4.4b resulted in poor conversion, likely due to steric congestion between
the directing group and the methyl substituent.*

Scheme 4.1. Aryl O-Methyl Oxime Scope®

R
5% [Cp*RNClyl, 20% AgSbFg ~ MeO. =

MeO\N
| Bu Cu(OAc), (2.1 equiv) |
+ =/ >
)\© THF, 75°C,20h

4.4a-h 4.5a-h
Bu Bu
MeO i MeO i Mo 7 MeO.y &~
N = N = | |
| |
OH
4.5d, 52%"
4.5a, 70% 4.5b, <10%¢ 4.5¢, 70%
Bu Bu Bu Bu
MeO., = MeO., -~ MeO. — ~ MeO. -~
| ' | |
Br CFs CO,Me CN
4.5¢, 67% 4.5f, 45%° 4.59, 70%° 4.5h, <10%¢

& All reactions were performed by heating oxime (1 equiv), 1-hexene (3 equiv), [Cp*RhCl2]z (5 mol %), AgSbFs (20
mol %), Cu(OAc)2 (2.1 equiv), and THF (0.1 M) in a sealed vial for 20 h at 75 "C. Isolated yields after purification by
chromatography are reported. ° 1-hexene (1.5 equiv). © 36 h. ® NMR yield relative to 2,6-dimethoxytoluene as an
internal standard
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Conclusion

Recent reports have shown that Rh(lll) complexes are efficient catalysts for the oxidative
coupling of C—H bonds with acrylates and styrenes. However, the analogous transformation
with non-activated olefins has not previously been demonstrated for Rh catalysts and is
generally unknown. We have shown that given an appropriate directing group, the coupling of
unactivated as well as functionalized terminal alkenes can be accomplished in moderate to
good yields and under conditions that are compatible with commonly encountered functional
groups.

Experimental

. General Methods. Unless otherwise noted, all reagents were obtained from
commercial suppliers and used without further purification. Tetrahydrofuran was passed
through a column of activated alumina under nitrogen. Ethanol and tAmOH were refluxed
overnight with magnesium turnings and distilled prior to use. Extra dry DMF (<50 ppm water)
was purchased from Acros organics and used without further purification. All reactions of air-
and moisture-sensitive materials were carried out using syringe, cannula and/or inert
atmosphere box techniques. All glassware was dried overnight at 150 “C or flame-dried under
vacuum immediately prior to use. During workup procedures, organic extracts were dried over
Na,SO, and concentrated under reduced pressure with a rotary evaporator. Chromatography
was performed on Merck 60 230-240 mesh silica gel. Reverse phase column chromatography
was carried out using a Biotage SP Flash Purification System (Biotage No. SP1-B1A) with Flash
Cartridges (Biotage No. KP-C18-HS 12+M) using Acetonitrile Water gradient. NMR chemical
shifts are reported in ppm relative to CHCI; (7.26 ppm for 'H, and 77.23 ppm for °*C) or
benzene (7.16 ppm for 'H, and 128.06 ppm for '°C). IR spectra were recorded on a Nicolet
Avatar 360 FTIR spectrometer equipped with an attenuated total reflectance accessory or a
Nicolet 6700 FT-IR equipped with an attenuated total reflectance accessory, and only partial
data are listed. Mass spectra (HRMS) were obtained by the University of California at Berkeley
Mass Spectrometry Facility or the Keck Center of Yale University.

Il. General Procedure for the Synthesis of O-methyl oximes. To a 50 mL round
bottom flask equipped with a stir bar was combined ketone (1.7 mmol, 1 equiv), MeONH,<HCI
(380 mg, 4.6 mmol, 2.7 equiv), NaOAc (610 mg, 7.5 mmol, 4.4 equiv), H,O (15 mL), and EtOH
(5 mL). The flask was equipped with a reflux condenser and heated at 70°C for 2 h. After
cooling to rt, the mixture was extracted with EtOAc (3 x 15 mL). The organic layers were
combined, dried with Na,SO,, and concentrated to yield the desired analytically pure oxime.

MeON

3,4-Dihydronaphthalen-1(2H)-one O-methyl oxime (4.1b). 1-Tetralone was subjected
to the standard procedure to yield O-methyl oxime as a red oil (85% yield) '"H NMR (400 MHz,
CDCl3): 6 8.00 (d, J = 7.8 Hz, 1H), 7.27 (d, J = 7.4 Hz, 1H), 7.22 (t, J= 7.5 Hz, 1H), 7.17-7.14
(m, 1H), 4.02 (s, 3H), 2.80-2.73 (m 4H), 1.91-1.83 (m, 2H). Spectral data matched those
previously reported.®
MeON
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Acetophenone O-methyl oxime (4.4a). Acetophenone was subjected to the standard
procedure to yield O-methyl oxime as a clear oil (87% yield) 'H NMR (400 MHz, CDCls): & 7.68-
7.59 (m, 2H), 7.40-7.32 (m, 3H), 3.99 (s, 3H), 2.21 (s, 3H). Spectral data matched those
previously reported.®

MeON

g

1-(o-Tolyl)ethanone O-methyl oxime (4.4b). 2-Methyl-acetophenone was subjected to
the standard procedure to yield O-methyl oxime as a clear oil (87% yield) '"H NMR (400 MHz,
CDCl3): & 7.30-7.19 (m, 4H), 4.02 (s, 3H), 2.41 (s, 3H), 2.22 (s, 3H). Spectral data matched
those previously reported.®

MeON

)kQ

1-(3-Tolyl)ethanone O-methyl oxime (4.4c). 3-Methyl acetophenone was subjected to
the standard procedure to yield O-methyl oxime as a yellow oil (78% yield) 'H NMR (400 MHz,
CDCly): 6 7.51 (s, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.30 (m, 1H), 7.21 (d, J = 7.4 Hz, 1H), 4.04 (s,
3H), 2.42 (s, 3H), 2.26 (s, 3H). Spectral data matched those previously reported."
MeON

g

1-(4-Hydroxyphenyl)ethanone O-methyl oxime (4.4d). 4-Hydroxy-acetophenone was
subjected to the standard procedure to yield O-methyl oxime as a clear oil (80% vyield) '"H NMR
(400 MHz, CDCl,): 8 7.52 (d, J = 8.5 Hz, 2H), 6.78 (d, J = 8.5 Hz, 2H), 3.97 (s, 3H), 2.19 (s, 3H).
Spectral data matched those previously reported.'?

MeON

“Q,

1-(4-Bromophenyl)ethanone O-methyl oxime (4.4e). 4-Bromo-acetophenone was
subjected to the standard procedure to yield O-methyl oxime as a yellow oil (87% yield) 'H
NMR (400 MHz, CDClz): 6 7.56 (d, J = 8.6 Hz, 2H), 7.55 (d, J = 8.6 Hz, 2H), 4.03 (s, 3H), 2.24
(s, 3H). Spectral data matched those previously reported.’
MeON

/JKI::j\CFS

1-(4-(Trifluoromethyl)phenyl)ethanone O-methyl oxime (4.4f). 4-(Trifluoromethyl)-
acetophenone was subjected to the standard procedure to yield O-methyl oxime as a colorless
oil (70% yield) "H NMR (400 MHz, CDCls): 6 7.80 (d, J = 8.3 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H),
4.06 (s, 3H), 2.28 (s, 3H). Spectral data matched those previously reported.'



MeON

COsMe
Methyl 4-(1-(methoxyimino)ethyl)benzoate (4.4g). 4-Acetylbenzoic acid was
subjected to the standard procedure to yield O-methyl oxime as a white solid (95% yield). 'H
NMR (400 MHz, CDClz): & 8.07 (d, J = 8.5 Hz, 2H), 7.76 (d, J = 8.5 Hz, 2H), 4.06 (s, 3H), 3.97
(s, 3H), 2.28 (s, 3H). *C{'"H} NMR (125 MHz, CDCly): 6 167.2, 154.1, 141.2, 130.8, 130.1,
126.3, 62.6, 52.6, 12.9. HRMS (EI): Calcd for C11H;3NO3: 207.0895; observed: 207.0895.

MeON

CN
4-(1-(Methoxyimino)ethyl)benzonitrile (4.4h) 4-Acetylbenzonitrile was subjected to the
standard procedure to yield O-methyl oxime as a white solid (75% yield). '"H NMR (400 MHz,
CDCls): 5 7.80 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 4.07 (s, 3H), 2.26 (s, 3H). "*C{'H}
NMR (100 MHz, CDCls): 6 153.2, 141.2, 132.6, 126.9, 119.1, 112.8, 62.8, 12.6. HRMS (ES+):
Calcd for CygH1oN2O: 174.0793; observed: 174.0794.

lll. General Procedure for Oxidative Coupling Experiments Monitored by NMR. In a
nitrogen-filled inert atmosphere box, to a vial was combined [Cp*RhCl.],, AgSbFg, substrate
(0.05 mmol), 1-hexene (12.6 mg, 0.150 mmol, 3 equiv), 2,6-dimethoxytoluene (7.6 mg, 0.050
mmol) and solvent (0.5 mL). The reaction mixture was transferred to a 1 mL sealable vial
equipped with a stir bar and was heated to the desired temperature with stirring.  After the
desired reaction time, the vial was cooled to rt, the reaction was quenched with sat. NH,OH, and
then the resulting mixture was extracted with CH.Cl, (3 x 2 mL). The combined organic layers
were dried with Na,SO, and concentrated. Yields were based on NMR integration relative to
2,6-dimethoxytoluene as an internal standard. All optimization reactions were carried out via
this procedure by varying substrate, oxidant, additive, and solvent.

IV. Rh(lll) Catalyzed Oxidative Coupling of Alkenes

MeON

8-(Hex-1-en-1-yl)-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (4.3a). To a vial
in a glovebox was combined [Cp*RhCl,], (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFs (17 mg,
0.050 mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (44 mg, 0.25 mmol,
1 equiv), 1-hexene (63 mg, 0.75 mmol, 3 equiv), Cu(OAc), (96 mg, 0.53 mmol, 2 equiv), and
THF (2.5 mL). The mixture was transferred to a 4 mL sealable vial equipped with a stir bar,
removed from the glovebox, and heated at 75 °C for 20 h with stirring. The mixture was then
cooled to rt, the reaction was quenched with sat. NH,OH, and the resulting mixture was
extracted with CH.Cl, (3 x 4 mL). The combined organic layers were dried with Na,SO,,
concentrated, and purified by column chromatography (30:1 Hex:Et,O) to yield a clear oil (49
mg, 75% yield). IR (film): 2931, 1599, 1460 cm™. "H NMR (400 MHz, CDCl5): § 7.39 (d, J= 7.4
Hz, 1H) 7.17 (t, J= 7.4 Hz, 1H), 7.08 (d, J = 15.8 Hz, 1H), 7.01 (d, J = 7.4 Hz, 1H), 6.08 (dt, J =
15.8, 6.8 Hz, 1H), 4.00 (s, 3H), 2.70 (t, J = 6.7 Hz, 2H), 2.66-2.61 (m, 2H), 2.23 (dq, J= 6.8, 1.1
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Hz, 2H), 1.79-1.73 (m, 2H), 1.53-1.46 (m, 2H), 1.46-1.37 (m, 2H), 0.94 (t, J = 7.1 Hz, 3H).
3C{'H} NMR (100 MHz, CDCls): & 155.4, 142.2, 137.7, 131.7, 131.1, 128.7, 128.6, 126.9,
126.3, 62.4, 33.2, 31.9, 31.4, 25.9, 22.8, 21.6, 14.5. HRMS (ES+) Calcd for Cy7H2sNO [MH]*
258.1853; Found 258.1849.

MeON

8-(4-Methylpent-1-en-1-yl)-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (4.3b).
To a vial in a glovebox was combined [Cp*RhCl,], (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFg
(17 mg, 0.050 mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (44 mg,
0.25 mmol, 1 equiv), 4-methylpent-1-ene (63 mg, 0.75 mmol, 3 equiv), Cu(OAc). (96 mg, 0.53
mmol, 2 equiv), and THF (2.5 mL). The mixture was transferred to a 4 mL sealable vial
equipped with a stir bar, removed from the glovebox, and heated at 75 °C for 20 h with stirring.
The mixture was then cooled to ri, the reaction was quenched with sat. NH,OH, and the
resulting mixture was extracted with CH,Cl, (3 x 4 mL). The combined organic layers were
dried with Na,SO,, concentrated, and purified by column chromatography (3:1 Hex:EtOAc) to
yield a clear oil (54 mg, 84% yield). IR (film): 2950, 1599, 1461, 1049 cm™. '"H NMR (400 MHz,
CDClg): 8 7.44 (d, J= 8.4 Hz, 1H), 7.22 (, J = 8.4 Hz, 1H), 7.11-7.03 (m, 2H), 6.10 (dt, J= 15.2,
7.3 Hz, 1H), 4.01 (s, 3H), 2.80 (t, J = 6.8 Hz, 2H), 2.70-2.65 (m, 2 H), 2.15 (t, J = 7.3 Hz, 2H),
1.85-1.76 (m, 3H), 1.02 (d, J = 6.6 Hz, 6H). *C{'H} NMR (100 MHz, CDCls): & 154.9, 141.9,
137.3, 132.5, 129.4, 128.4, 128.2, 126.5, 126.0, 62.1, 42.7, 31.0 , 28.8, 25.5, 22.6, 21.2. HRMS
(ES+) Calcd for Cy7H24sNO [MH]" 258.1853; Found 258.1839.

MeON

8-(2-Cyclohexylvinyl)-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (4.3c). To
a vial in a glovebox was combined [Cp*RhCl,], (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFg (17
mg, 0.050 mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (44 mg, 0.25
mmol, 1 equiv), vinylcyclohexane (83 mg, 0.75 mmol, 3 equiv), Cu(OAc), (96 mg, 0.53 mmol, 2
equiv), and THF (2.5 mL). The mixture was transferred to a 4 mL sealable vial equipped with a
stir bar, removed from the glovebox, and heated at 75 °C for 20 h with stirring. The mixture was
then cooled to rt, the reaction was quenched with sat. NH,OH, and the resulting mixture was
extracted with CH.Cl, (3 x 4 mL). The combined organic layers were dried with Na,SO,,
concentrated, and purified by column chromatography (5:1 Hex:EtOAc) to yield a clear oil (38
mg, 53% yield). IR (film): 2922, 1599, 1460, 1048 cm™. 'H NMR (400 MHz, CDCls): § 7.41 (d,
J=7.6 Hz, 1H), 7.20 (t, J= 7.6 Hz, 1H), 7.10 (d, J = 15.8 Hz, 1H), 7.04 (d, J = 7.6 Hz, 1H), 6.06
(dd, J=15.8, 6.4 Hz, 1H), 4.03 (s, 3H) 2.79 (t, J = 6.8 Hz, 2H), 2.70-2.63 (m, 2H), 2.23-2.14 (m,
1H), 1.94-1.86 (m, 2H), 1.84-1.75 (m, 4H), 1.75-1.67 (m, 1H), 1.42-1.36 (m, 2H), 1.36-1.19 (m,
3H). "*C{'"H} NMR (100 MHz, CDCls): § 154.9, 141.7, 137.5, 136.1, 129.0, 128.4, 128.2, 126.4,
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125.8, 62.0, 41.0, 32.9, 31.0, 26.3, 26.2, 25.4, 21.2. HRMS (ES+) Calcd for C1gHsNO [MH]*
284.2009; Found 284.1994.

Cl

MeON

8-(2-Cyclohexylvinyl)-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (4.3d). To
a vial in a glovebox was combined [Cp*RhCl,], (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFg (17
mg, 0.050 mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (44 mg, 0.25
mmol, 1 equiv), 6-chlorohexene (89 mg, 0.75 mmol, 3 equiv), Cu(OAc), (96 mg, 0.53 mmol, 2
equiv), and THF (2.5 mL). The mixture was transferred to a 4 mL sealable vial equipped with a
stir bar, removed from the glovebox, and heated at 75 °C for 20 h with stirring. The mixture was
then cooled to rt, the reaction was quenched with sat. NH,OH, and the resulting mixture was
extracted with CH.Cl, (3 x 4 mL). The combined organic layers were dried with Na,SO,,
concentrated, and purified by column chromatography (2:1 Hex:EtOAc) to yield a clear oil (62
mg, 85% yield). IR (film): 2935, 1599, 1459, 1047 cm™. 'H NMR (400 MHz, CDCly): § 7.42 (d,
J=7.8Hz, 1H), 7.22 (t, J= 7.8 Hz, 1H), 7.14 (d, J = 15.7 Hz, 1H), 7.07 (d, J = 7.8 Hz, 1H), 6.08
(dt, J = 15.7, 6.8 Hz, 1H), 4.04 (s, 3H), 3.62 (t, J = 6.7 Hz, 2H), 2.80 (t, J = 6.9 Hz, 2H), 2.70-
2.66 (m, 2H), 2.35-2.26 (m, 2H), 1.95-1.86 (m, 2H), 1.84-1.76 (m, 2H), 1.75-1.65 (m, 2H).
C{"H} NMR (100 MHz, CDCls): & 154.9, 141.8, 137.0, 132.1, 129.4, 128.4, 128.2, 126.7,
125.9, 62.0, 45.0, 32.2, 32.1, 30.9, 26.5, 25.5, 21.1. HRMS (ES+) Calcd for C4;H23CINO [MH]*
292.1463; Found 292.1440.

CO,Me

Z

MeON

(2E,6E)-Methyl  7-(8-(methoxyimino)-5,6,7,8-tetrahydronaphthalen-1-yl)hepta-2,6-
dienoate (4.3e). To a vial in a glovebox was combined [Cp*RhCly], (7.7 mg, 0.013 mmol, 0.05
equiv), AgSbFs (17 mg, 0.050 mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl
oxime (44 mg, 0.25 mmol, 1 equiv), (E)-methyl hepta-2,6-dienoate (105 mg, 0.750 mmol, 3
equiv), Cu(OAc). (96 mg, 0.53 mmol, 2 equiv), and THF (2.5 mL). The mixture was transferred
to a 4 mL sealable vial equipped with a stir bar, removed from the glovebox, and heated at 75
°C for 20 h with stirring. The mixture was then cooled to rt, the reaction was quenched with sat.
NH,OH, and the resulting mixture was extracted with CH,Cl, (3 x 4 mL). The combined organic
layers were dried with Na,SO,, concentrated, and purified by column chromatography (20:1
Hex:EtOAc) to yield a clear oil (63 mg, 80% yield). IR (film): 2937, 1720, 1656, 1599, 1460,
1046 cm™. "H NMR (500 MHz, CDCls): § 7.39 (d, J = 7.7 Hz, 1H), 7.23 (t, J = 7.7 Hz, 1H), 7.18
(d, J=15.8 Hz, 1H), 7.12 — 7.01 (m, 2H), 6.06 (dt, J = 15.8, 6.2 Hz, 1H), 5.92 (d, J = 15.7 Hz,
1H), 4.02 (s, 3H), 3.76 (s, 3H), 2.79 (t, J= 6.8 Hz, 2H), 2.70 — 2.63 (m, 2H), 2.52 — 2.36 (m, 4H),
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1.83-1.73 (m, 2H). "C{'H} NMR (125 MHz, CDCl;): § 167.1, 154.9, 148.9, 141.8, 136.8, 132.6,
128.5, 128.3, 128.2, 126.9, 126.0, 121.3, 62.1, 51.4, 32.1, 31.5, 31.0, 25.5, 21.2. HRMS (ES+)
Calcd for C1gH2sNO3 [MH]* 314.1751; Found 314.1772.

Ph

MeON 7

8-Styryl-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (4.3f). To a vial in a
glovebox was combined [Cp*RhCl,]. (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFs (17 mg, 0.050
mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (44 mg, 0.25 mmol, 1
equiv), styrene (78 mg, 0.75 mmol, 3 equiv), Cu(OAc), (96 mg, 0.53 mmol, 2 equiv), and THF
(2.5 mL). The mixture was transferred to a 4 mL sealable vial equipped with a stir bar, removed
from the glovebox, and heated at 75 “C for 20 h with stirring. The mixture was then cooled to rt,
the reaction was quenched with sat. NH,OH, and the resulting mixture was extracted with
CH.CI, (3 x 4 mL). The combined organic layers were dried with Na,SO,, concentrated, and
purified by column chromatography (20:1 Hex:EtOAc) to yield a clear oil (67 mg, 98% yield). IR
(film): 2933, 1597, 1494, 1045 cm™. 'H NMR (500 MHz, CDCl3): § 7.79 (d, J = 16.2 Hz, 1H),
7.50-7.38 (m, 3H), 7.29-7.24 (m, 2H), 7.18-7.12 (m, 2H), 6.99 (d, J = 7.4 Hz, 1H), 6.84 (d, J =
16.2 Hz, 1H), 3.90 (s, 3H), 2.72 (t, J = 6.8 Hz, 2H), 2.61-2.57 (m, 2H), 1.74-1.67 (m, 2H).
3C{'"H} NMR (125 MHz, CDCls): 8 155.0, 142.0, 138.3, 136.8, 131.0, 129.2, 128.6, 128.4,
128.1, 127.3, 127.1, 126.5, 125.8, 62.4, 31.0, 25.6, 21.2. HRMS (ES+) Calcd for CigHoNO
[MH]"278.1540; Found 278.1539.

CO,Et

MeON 7

(2E)-Ethyl 3-(8-(methoxyimino)-5,6,7,8-tetrahydronaphthalen-1-yl)acrylate (4.3g).
To a vial in a glovebox was combined [Cp*RhCl,], (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFg
(17 mg, 0.050 mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (44 mg,
0.25 mmol, 1 equiv), ethyl acrylate (75 mg, 0.75 mmol, 3 equiv), Cu(OAc), (96 mg, 0.53 mmol, 2
equiv), and THF (2.5 mL). The mixture was transferred to a 4 mL sealable vial equipped with a
stir bar, removed from the glovebox, and heated at 75 °C for 20 h with stirring. The mixture was
then cooled to rt, the reaction was quenched with sat. NH,OH, and the resulting mixture was
extracted with CH.Cl, (3 x 4 mL). The combined organic layers were dried with Na,SO,,
concentrated, and purified by column chromatography (20:1 Hex:EtOAc) to yield a clear oil (56
mg, 81% yield). IR (film): 2936, 1705, 1631, 1599, 1460, 1044 cm™. 'H NMR (500 MHz,
CDCl3): 6 8.28 (d, J=15.8 Hz, 1H), 7.36 (d, J= 7.6 Hz, 1H), 7.18 (d, J= 7.6 Hz, 1H), 7.11 (d, J
= 7.6 Hz, 1H), 6.17 (d, J = 15.8 Hz, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.94 (s, 3H), 2.70 (t, /= 6.8
Hz Hz, 2H), 2.65-2.60 (m, 2H), 1.76-1.69 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H). "*C{'H} NMR (125
MHz, CDCl;): 6 167.3, 154.1, 147.1, 141.9, 134.1, 130.3, 129.3, 128.4, 126.5, 117.8, 62.4, 60.2,
30.7, 25.3, 21.0, 14.4. HRMS (ES+) Calcd for C1gH1gNO3sNa [MNa]* 296.1257; Found 296.1244.

NOM

56



8-Allyl-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (4.3h). To a vial in a
glovebox was combined [Cp*RhCl,], (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFs (17 mg, 0.050
mmol, 0.2 equiv), 3,4-dihydronaphthalen-1(2H)-one O-methyl oxime (44 mg, 0.25 mmol, 1
equiv), allyl acetate (75 mg, 0.75 mmol, 3 equiv), Cu(OAc), (96 mg, 0.53 mmol, 2 equiv), and
THF (2.5 mL). The mixture was transferred to a 4 mL sealable vial equipped with a stir bar,
removed from the glovebox, and heated at 75 °C for 20 h with stirring. The mixture was then
cooled to rt, the reaction was quenched with sat. NH,OH, and the resulting mixture was
extracted with CH.Cl, (3 x 4 mL). The combined organic layers were dried with Na,SO,,
concentrated, and purified by column chromatography (50:1 Hex:Et,O) to yield a clear oil (25
mg, 46% yield). IR (film): 2940, 1598 cm™. 'H NMR (500 MHz, CDCls): & 7.20-7.10 (m, 2H),
7.04-6.98 (m, 1H), 6.07 (ddt, J = 16.8, 10.0, 6.7 Hz, 1H), 5.07 (dd, J = 16.8, 3.6 Hz, 1H), 5.01
(dd, J=10.0, 3.6 Hz, 1H), 3.98 (s, 3H), 3.78 (d, J = 6.7 Hz, 2H), 2.75 (t, J = 6.9 Hz, 2H), 2.68-
2.60 (m, 2H), 1.78-1.70 (m, 2H). "C{'H} NMR (125 MHz, CDCly): § 155.1, 142.1, 139.2, 138.9,
129.6, 129.3, 128.2, 126.1, 114.9, 62.0, 39.6, 31.2, 254, 21.3. HRMS (ES+) Calcd for
C14H1gNO [MH]*216.1383; Found 216.1394

MeON

1-(2-(Hex-1-en-1-yl)phenyl)ethanone O-methyl oxime (4.5a). To a vial in a glovebox
was combined [Cp*RhCl], (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFs (17 mg, 0.050 mmol, 0.2
equiv), acetophenone O-methyl oxime (37 mg, 0.25 mmol, 1 equiv), 1-hexene (63 mg, 0.75
mmol, 3 equiv), Cu(OAc). (96 mg, 0.53 mmol, 2 equiv), and THF (2.5 mL). The mixture was
transferred to a 4 mL sealable vial equipped with a stir bar, removed from the glovebox, and
heated at 75 °C for 20 h with stirring. The mixture was then cooled to rt, the reaction was
quenched with sat. NH,OH, and the resulting mixture was extracted with CH.Cl, (3 x 4 mL).
The combined organic layers were dried with Na,SO,4, concentrated, and purified by column
chromatography (30:1 Hex:Et,O) to yield a clear oil (40 mg, 70% yield). IR (film): 2956, 1465,
1047 cm™. "H NMR (500 MHz, CDCl3): § 7.51 (d, J = 7.8 Hz, 1H), 7.41-7.19 (m, 3H), 6.52 (d, J
= 15.3 Hz, 1H), 6.18 (dt, J = 15.3, 6.9 Hz, 1H), 4.02 (s, 3H), 2.25 (q, J = 7.0 Hz, 2H), 2.19 (s,
3H), 1.53-1.45 (m, 2H), 1.45-1.37 (m, 2H), 0.96 (t, J = 7.2 Hz, 3H)  "*C{'H} NMR (125 MHz,
CDCls): 6 157.2, 136.4, 135.9, 133.3, 128.7, 128.6, 127.8, 126.8, 126.2, 61.8, 32.9, 31.4, 22.3,
17.0, 14.0. HRMS (ES+) Calcd for C4sH2,NO [MH]*232.1696; Found 232.1695.

MeON

1-(2-(Hex-1-en-1-yl)-5-methylphenyl)ethanone O-methyl oxime (4.5c). To a vial in a
glovebox was combined [Cp*RhCl,]. (9.3 mg, 0.015 mmol, 0.05 equiv), AgSbFs (20 mg, 0.060
mmol, 0.2 equiv), 1-(3-tolyl)ethanone O-methyl oxime (4c, 49 mg, 0.30 mmol, 1 equiv), 1-
hexene (111.7 yL, 0.75 mmol, 3 equiv), Cu(OAc), (108 mg, 0.600 mmol, 2 equiv), and THF (3
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mL). The mixture was transferred to a Schlenk tube equipped with a stir bar, removed from the
glovebox, and heated at 75 °C for 20 h with stirring. The mixture was cooled to rt, diluted with
sat. NH,OH, and then extracted with CH.Cl, (3 x 4 mL). The combined organic layers were
dried with Na,SO,, concentrated, and purified by reverse phase column chromatography
(MeCN:H,O gradient) to yield a clear oil (53 mg, 73% yield). 'H NMR (500 MHz, C¢D¢): & 7.36
(d, J=7.9Hz, 1H), 7.10 (d, J = 0.7 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 6.65 (d, J = 15.7 Hz, 1H),
6.03 (dt, J=15.6 Hz, 7.0 Hz, 1H), 3.92 (s, 3H), 2.16 (s, 3H), 2.07 (s, 3H), 2.04 (m, 2H), 1.28 (m,
4H), 0.84 (t, J = 7.2 Hz, 3H). *C{'H} NMR (126 MHz, C¢D¢): 5 156.4, 136.5, 136.1, 133.7,
131.8, 129.6, 129.2, 128.2, 126.2, 61.3, 32.9, 31.4, 22.2, 20.6, 16.8, 13.8. HRMS (El): Calcd for
C16H23NO: 245.1780; observed: 245.1778.

MeON

OH

1-(2-(Hex-1-en-1-yl)-4-hydroxyphenyl)ethanone O-methyl oxime (4.5d). To a vial in
a glovebox was combined [Cp*RhCl]. (7.7 mg, 0.013 mmol, 0.05 equiv), AgSbFs (17 mg, 0.050
mmol, 0.2 equiv), 1-(4-hydroxyphenyl)ethanone O-methyl oxime (37 mg, 0.25 mmol, 1 equiv), 1-
hexene (63 mg, 0.75 mmol, 3 equiv), Cu(OAc). (96 mg, 0.53 mmol, 2 equiv), and THF (2.5 mL).
The mixture was transferred to a 4 mL sealable vial equipped with a stir bar, removed from the
glovebox, and heated at 75 °C for 20 h with stirring. The mixture was then cooled to rt, the
reaction was quenched with sat. NH,OH, and the resulting mixture was extracted with CH,Cl, (3
x 4 mL). The combined organic layers were dried with Na,SQO,, concentrated, and purified by
column chromatography (7:1 Hex:EtOAc) to yield a clear oil (32 mg, 52% yield). IR (film):
2956, 2928, 1601, 1569, 1042 cm™. 'H NMR (500 MHz, CDCls): § 7.10 (d, J = 8.3 Hz, 1H), 6.92
(d, J=2.6 Hz, 1H), 6.66 (dd, J = 8.3, 2.6 Hz, 1H), 6.43 (d, J = 15.7 Hz, 1H), 6.10 (dt, J = 15.7,
7.0 Hz, 1H), 3.96 (s, 3H), 2.20 (q, J = 7.0 Hz, 2H), 2.12 (s, 3H), 1.49-1.40 (m, 2H), 1.39-1.33 (m,
2H), 0.92 (t, J = 7.3 Hz, 3H) "C{'H} NMR (125 MHz, CDCl;): & 157.6, 156.1, 138.0, 133.5,
129.9, 128.4, 127.5, 114.1, 112.9, 61.6, 32.8, 31.3, 22.3, 17.3, 13.9 HRMS (ES+) Calcd for
C15H22NO2 [MH]" 248.1646; Found 248.1640.

MeON

Br

1-(4-Bromo-2-(hex-1-en-1-yl)phenyl)ethanone O-methyl oxime (4.5e). To a vial in a
glovebox was combined [Cp*RhCl,]> (9.3 mg, 0.015 mmol, 0.05 equiv), AgSbFs (20 mg, 0.060
mmol, 0.2 equiv), 1-(4-bromophenyl)ethanone O-methyl oxime (4e, 68 mg, 0.30 mmol, 1
equiv), 1-hexene (111.7 pL, 0.75 mmol, 3 equiv), Cu(OAc), (108 mg, 0.60 mmol, 2 equiv), and
THF (3 mL). The mixture was transferred to a Schlenk tube equipped with a stir bar, removed
from the glovebox, and heated at 75 °C for 20 h with stirring. The reaction mixture was cooled to
rt, diluted with sat. NH,OH, and then extracted with CH,Cl, (3 x 4 mL). The combined organic
layers were dried with Na,SO,, concentrated, and purified by reverse phase column
chromatography (MeCN:H,O gradient) to yield a clear oil (62 mg, 67% yield). 'H NMR (500
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MHz, C¢Dg): & 7.62 (d, J = 1.9 Hz, 1H), 7.11 (dd, J = 8.2 Hz, 2.0 Hz, 1H), 6.88 (d, J = 8.2 Hz,
1H), 6.43 (d, J = 15.8 Hz, 1H), 5.78 (dt, J = 15.6 Hz, 7.0 Hz, 1H), 3.86 (s, 3H), 2.00 (s, 3H), 1.90
(q, J = 6.5 Hz, 2H), 1.19 (m, 4H), 0.82 (t, J = 6.8 Hz, 3H). "*C{'H} (126 MHz, C4D¢): 5 155.2,
138.6, 135.2, 134.2, 130.4, 129.5, 129.1, 126.9, 122.8, 61.4, 32.7, 31.1, 22.2, 16.4, 13.7. HRMS
(El): Calcd for C45H»BrNO: 309.0728; observed: 309.0723.

MeON

CF4

1-(2-(Hex-1-en-1-yl)-4-(trifluoromethyl)phenyl)ethanone O-methyl oxime (4.5f) To a
vial in a glovebox was combined [Cp*RhCl,], (9.3 mg, 0.015 mmol, 0.05 equiv), AgSbFs (20 mg,
0.060 mmol, 0.2 equiv), 1-(4-(trifluoromethyl)phenyl)ethanone O-methyl oxime (4f, 68 mg, 0.30
mmol, 1 equiv), 1-hexene (111.7 uL, 0.75 mmol, 3 equiv), Cu(OAc), (108 mg, 0.60 mmol, 2
equiv), and THF (3 mL). The mixture was transferred to a Schlenk tube equipped with a stir bar,
removed from the glovebox, and heated at 75 °C for 36 h with stirring. The reaction mixture was
cooled to rt, diluted with sat. NH,OH, and then extracted with CH,ClI , (3 x 4 mL). The combined
organic layers were dried with Na,SO,, concentrated, and purified by reverse phase column
chromatography (MeCN:H,O gradient) to yield a clear oil (40 mg, 45% yield). 'H NMR (500
MHz, C¢Ds): © 7.73 (s, 1H), 7.19 (d, J = 7.7 Hz, 1H), 7.07 (d, J = 8.0 Hz, 1H), 6.45 (d, J= 15.8
Hz, 1H), 5.85 (dt, J = 15.7 Hz, 7.0 Hz, 1H), 3.87 (s, 3H), 2.00 (s, 3H), 1.91 (q, J = 6.5 Hz, 2H),
1.19 (m, 4H), 0.83 (t, J = 7.3 Hz, 3H). "*C{'H} NMR (126 MHz, C¢D¢): & 155.1, 139.4, 137.3,
134.8, 130.5 (q, Jor = 32.1 Hz, C-CF;), 129.5, 126.9, 124.6 (q, Jcr = 272.3 Hz, CF3), 123.1 (m,
1C), 123.0 (m, 1C) 61.5, 32.7, 31.0, 22.2, 16.2, 13.7. "*F{'H} NMR (376.5 MHz, C4Ds): & -61.5.
HRMS (El): Calcd for CigHxoF3sNO: 299.1497; observed: 299.1494.

MeON

COsMe

Methyl 3-(hex-1-en-1-yl)-4-(1-(methoxyimino)ethyl)benzoate (4.5g). To a vial in a
glovebox was combined [Cp*RhCl,]. (9.3 mg, 0.015 mmol, 0.05 equiv), AgSbFs (20 mg, 0.060
mmol, 0.2 equiv), methyl-4-(1-(methoxyimino)ethyl)benzoate (4g, 62 mg, 0.30 mmol, 1 equiv),
1-hexene (111.7 pL, 0.75 mmol, 3 equiv), Cu(OAc), (108 mg, 0.60 mmol, 2 equiv), and THF (3
mL). The mixture was transferred to a Schlenk tube equipped with a stir bar, removed from the
glovebox, and heated at 75 °C for 36 h with stirring. The reaction mixture was cooled to i,
diluted with sat. NH,OH, and then extracted with CH.Cl, (3 x 4 mL). The combined organic
layers were dried with Na,SO,, concentrated, and purified by reverse phase column
chromatography (MeCN:H,O gradient) to yield a clear oil (67 mg, 70% yield). 'H NMR (500
MHz; C¢D¢): 6 8.44 (d, J = 1.6 Hz, 1H), 7.96 (dd, J = 8.0 Hz, 1.7 Hz, 1H), 7.20 (d, J = 8.0 Hz,
1H), 6.57 (d, J = 15.7 Hz, 1H), 6.05 (dt, J = 15.7 Hz, 6.9 Hz, 1H), 3.87 (s, 3H), 3.49 (s, 3H), 2.04
(s, 3H), 1.94 (qd, J = 6.7 Hz, 1.3 Hz, 2H), 1.20 (m, 4H), 0.82 (t, J = 6.8 Hz, 3H). >C{'H} NMR
(126 MHz; CgDg): & 166.1, 155.5, 140.3, 136.9, 134.1, 130.6, 129.1, 127.6 (Localized with
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HMQC), 127.4 (Localized with HMQC), 127.3, 61.5, 51.3, 32.8, 31.1, 22.2, 16.3, 13.7. HRMS
(EI: Calcd for C17H23NO3: 289.1678; observed: 289.1674.
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Chapter 5. Rhodium(lll) Catalyzed Arylation of Boc-Ilmines via C-H Bond
Functionalization

The first rhodium catalyzed arylation of imines proceeding via a C-H bond
functionalization is reported. Use of a non-coordinating halide abstractor is important to obtain
reactivity.  Aryl branched N-Boc-amines are formed and a wide range of functionality is
compatible with the reaction. A majority of this work has been published in a communication
(Tsai, A. S.; Tauchert, M. E.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2011, ASAP)
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Introduction

In the area of C—H bond functionalization, arylation of alkenes and alkynes have been
well explored." In contrast, analogous additions across C—O® or C—-N**° multiple bonds are
rare. Due to the prevalence of a-branched amines in drugs and natural products,® we sought a
method for the arylation of imines via C—H bond functionalization. The most closely related
transformations are Pd-catalyzed additions to N-tosyl imines that rely on the functionalization of
acidic C—H bonds.® Herein, we report the high-yielding 2-pyridyl-directed arylation of a wide
range of aromatic N-Boc-imines with a Rh(lll) catalyst.

Results and Discussion

Our investigations focused on additions to N-Boc-imines due to the convenience and
ease of removal of the exceedingly popular Boc protecting group. As the test substrate for
arylation, we chose 2-phenylpyridine (5.1a) because of the pyridyl directing group’s high
chemical stability and rich history in C—H functionalization with a variety of transition metals.'*®’

Table 5.1. Screening of Reaction conditions®

X X
l _N . NBoc Condtions . | _N NHBoc
H Ph 75 °C Ph
5.2a
5.1a 5.3a
Entry Catalyst Additive Solvent % Yield®

1 [Cp*RhCl;], none CH.Cl, 0

2 [Cp*RhCl, AgSbF, CH,Cl, 55

3 [Cp*RhCly], AgSbF, THF 30

4 [Cp*RhCly], AgSbFs DMF 0

5 [Cp*RhCl], AgSbF, CeHs 0

6 [Cp*IrCly], AgSbF, CH,Cl, 0

7 [Cp*RUC|2]n AngFe CH2C|2 0
8° [Cp*RhCl], AgSbF, CH,Cl, 60
9¢ [Cp*RhCl,], AgSbF; CH.CI, 87
10¢ [Cp*RhCl,], AgOAc CH,Cl, trace
1149 [Cp*RhCl,], AgOTs CH,Cl, 30
124 [Cp*RhCl), AgBF, CH,Cl, 54
13¢ [Cp*RhCl,], AgCIO, CH,Cl, 69
14¢ [Cp*RhCl] NaBPh, CH,Cl, 0

2 All reactions were run by employing 0.05 mmol of 2-phenylpyridine, 0.05 mmol of imine in 0.5 mL of solvent with 10
mol % catalyst and 40 mol % additive. ° Yields are based on NMR using 2,6-dimethoxytoluene as an internal
standard. © 0.1 mmol of imine. ¢ 0.1 mmol of 2-phenylpyridine.

We began our reaction exploration with Rh(lll) catalysts. This type of catalyst has been
proposed to activate C—H bonds via an electrophilic deprotonation mechanism to generate an
aryl-Rh(lll) species.® However, upon heating 10% [Cp*RhCl,], (Cp*: pentamethyl
cyclopentadienyl) with 2-phenylpyridine and N-Boc-benzaldimine in CH.Cl,, no product was
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observed (entry 1, Table 5.1). Theorizing that the lack of reactivity may be due to the chloride
ligands on the metal, which could prevent coordination of the N-Boc-imine, AgSbFg was added
as a halide abstractor and provided the desired product (5.3a) in 55% yield (entry 2).° Utilizing
coordinating solvents such as THF (entry 3) and DMF (entry 4) resulted in lower activity while
solvents such as benzene failed due to insolubility of the catalyst system (entry 5). Analogous
iridium (entry 6) and ruthenium (entry 7) based complexes were found to be inactive for this
transformation. Substrate stoichiometries were also explored (entries 8 and 9) with the highest
yield being achieved by employing two equivalents of 2-phenylpyridine (entry 9). Under these
conditions, remaining aryl pyridine is recovered. Unreacted N-Boc imine is not observed and
only small amounts of the hydrolyzed aldehyde product are detected. Other halide abstractors
were also explored (entries 10-14) but AgSbFs proved to be optimal.

Evaluation of substituted 2-arylpyridines established that both electronically rich and
deficient derivatives are effective arylation substrates and that the reaction is compatible with
chloro, keto and acetanilide functional groups (Scheme 5.1). For 2-(3-methylphenyl)pyridine,
functionalization occurred solely para to the methyl group to provide 5.3f. Quinoline could also
be used as a directing group in this chemistry (5.3g) and the more rigid benzo[h]quinoine
provided the expected product (5.3h) in good yield. Notably, for all of the 2-arylpyridine
substrates, products resulting from bis-arylation were not detected.

Scheme 5.1. Arylpyridine substrate scope®

10% [Cp*RhCI2]2

NBoc 40% AgSbFg
| »
Ph CH,Cl,
5.2a

5.3a, R=p-H, 82%
5.3b, R = p-OMe, 63%
5.3c, R=p-Ac, 87%
5.3d, R = p-Cl, 50%
5.3e, R = p-NHAc, 67%
5.3f, R = m-Me, 89%

5.39, 75% 5.3h, 70%

& All reactions were run by heating 2-phenylpyridine (2 equiv), imine (1 equiv), [Cp*RhCl2]z (10 mol %), AgSbF6 (40
mol %), and CHxCl> (0.1 M) in a sealed tube for 20 h at 75 °C. Isolated yields are reported.

The substrate scope was further extended to a broad variety of substituted aromatic N-
Boc imines (Table 5.2, entries 1-12). Both electron-poor (entries 3, 5, 8 and 11) and electron-
rich (entry 7) aromatic imines provided branched amine products in high yields. Substitution at
the ortho- (entries 9 and 10), meta- (entry 11), and para-(entries 2-8) positions were all well
tolerated. Moreover, the reaction showed excellent functional group compatibility with N-Boc-
imines substituted with chloro (entries 2 and 9), nitro (entry 3), methoxy (entry 7), ester (entry 8)
and even the electrophilic carboxaldehyde (entry 11) functionality all providing branched amine
products in high yields. In addition, the 2-thienyl substituted branched amine product 5.3s was
obtained by addition to a heteroaromatic imine substrate (entry 12). Of the functionalities
evaluated, only the nitrile group (entry 4) gave a low yield, likely due to competitive coordination
of the CN group to the Rh(lll) center. In support of this explanation, a dramatic reduction in yield
was observed upon addition of benzonitrile to a previously successful substrate combination
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(see entry 13 versus 6). While a 1:4 ratio of [Cp*RhCl,], to AgSbFs gave consistently good
results, we found that ratio could be decreased to 1:2 for most substrates with no effect on rates
or yields (see entries 7, 9, 10 and 12). However, the reaction failed to work when the ratio was
below 1:2. For more reactive imines, good yields may be obtained with 5 mol % [Cp*RhCl,],
(entry 5). This lower catalyst loading provided moderate yields when applied to other substrates
as imine decomposition pathways become competitive with product formation (entries 1-2, 7).
Further decreasing the catalyst loading to 2.5 mol % [Cp*RhCl,], resulted in low yields.

Table 5.2. Substrate scope of substituted imines®

NPG Condtions _ 2 NHPG
HT | R 75°C R
5.2
5.1a 5.3
Entry R PG Product % Yield®
1 CeHs Boc 5.3a 82 (70)°
2 4-CICgH, Boc 5.3i 77 (64)°
3 4'N02C6H4 Boc 53] 77
4 4-CNCgH,4 Boc 5.3k 50
5 4-CF3CgH4 Boc 5.3l 95 (81)°
6 4-MeCgH4 Boc 5.3m 70
7° 4-MeOCgH, Boc 5.3n 70 (51)°
8 4-CO,MeCgH, Boc 5.30 70
9¢ 2-CICgH, Boc 5.3p 76
10¢ 2-MeCgH,4 Boc 5.3q 92
11 3-CHOCGCgH, Boc 5.3r 81
12¢ 2-thiophene Boc 5.3s 71
13° 4-MeCgH4 Boc 5.3m 27
14/ nBu P(O)Ph, 5.3t 0
15' nBu Ts 5.3u 72
16 CGH5 Ts 5.3v 40
17 C6H5 Ns 5.3w 51

2 All reactions were run by heating 2-phenylpyridine (2 equiv), imine (1 equiv), [Cp*RhClz]> (10 mol %), AgSbFs (40
mol %), and CHzCl> (0.1 M) in a sealed tube for 20 h at 75 °C. ° Isolated yield. © Values in parentheses are isolated
yields after 40h at 75 °C using [Cp*RhCla]z (5 mol %) AgSbFs (20 mol %) ¢ AgSbFs (20 mol %). © PhCN (1 equiv)
added. '2-phenylpyridine (1 equiv)

Alkyl N-Boc-imines were not effective substrates for this transformation as a result of
self-condensation via imine to enamine tautomerization. We therefore explored other protecting
groups for alkyl imine substrates. While N-diphenylphosphinoyl pentaldimine proved to be
unreactive (entry 14), addition to the corresponding N-tosyl imine proceeded in good yield (entry
15). This result prompted us to also evaluate the reactivity of an aromatic N-tosyl imine
substrate, but N-tosyl benzaldimine reacted with poor conversion to give the branched amine
5.3v in only 40% vyield (entry 16). We considered that the moderate yield observed might
possibly be attributed to the reversibility of arylation of 5.3v. This reversibility was demonstrated
by subjecting purified 5.3v to the reaction conditions, which resulted in an equilibrium mixture of
5.3v, 2-phenylpyridine, and N-tosyl-benzaldimine (eq 5.1), consistent with the distribution
observed in the arylation reaction (Table 5.2, entry 16). Significantly, while B-aryl elimination
from aryl carbinols has been reported,’™ to our knowledge, the corresponding transformation for
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branched amines has not previously been described. The mechanism for B-aryl elimination
between the previously reported carbinols and 5.3v may be analogous, but further studies are
needed. The reversibility of the reaction could be slightly shifted towards product by replacing
the N-tosyl group with the more electronegative N-nosyl'' (entry 17). Notably, reversibility was
not observed for the arylation products of aromatic N-Boc imines or aliphatic N-tosyl
pentanaldimine.

| B
N [CP*RhCly], (10%) _N
NHTSs AgSbF g (40%) N "ES 5.1)
> H )
Ph CH,Cl,, 75 °C, 16h Ph
5.3v 60%

60%

A possible mechanism for the arylation reaction could involve initial electrophilic
deprotonation of the ortho-phenyl C—H bond of 2-phenylpyridine to form an Ar-Rh(lll)
intermediate (Scheme 5.2).% Coordination of the N-Boc-imine would then activate the imine for
addition followed by protonolysis to regenerate the catalyst. Alternatively, rhodium could serve
as a Lewis acid to activate the imine for electrophilic aromatic substitution (EAS)."? However,
this latter pathway is unlikely given that only the electronically deactivated ortho position is
functionalized on the electron deficient 2-phenylpyridine. Furthermore, the observation that the
reaction is more efficient for electron poor 2-arylpyridines (see Scheme 5.1, 5.3b vs 5.3c) is
inconsistent with an EAS pathway but supports an electrophilic deprotonation mechanism.

Scheme 5.2. Proposed catalytic cycle

NHBoc

H+ / \

N-Rh(lll) Rh(lIT)
“Boc

Ph

NBoc

_N

Ph



Conclusion

In summary, [Cp*RhCl,],/AgSbFe catalyzes the addition of 2-arylpyridines to N-Boc and
N-sulfonyl imines via C—H bond functionalization to give branched amine products. Many
commonly encountered functional groups such as ketones, aldehydes, esters, halides,
trifluoromethyl, amides and nitro groups are compatible with the method. Mechanistic studies
and the investigation of alternative directing groups will be reported in due course.

Experimental

I. General Methods. Unless otherwise noted, all reagents were obtained from
commercial suppliers and used without further purification. Substituted 2-phenylarenes were
synthesized according to published procedures.'*'* Benzene, dichloromethane, and tetrahydro-
furan were passed through a column of activated alumina under nitrogen. All reactions of air-
and moisture-sensitive materials were carried out using syringe, cannula and/or inert
atmosphere box techniques. All glassware was dried overnight at 150 “C or flame-dried under
vacuum immediately prior to use. During workup procedures, organic extracts were dried over
Na,SO, and concentrated under reduced pressure with a rotary evaporator. Chromatography
was performed on Merck 60 230-240 mesh silica gel. NMR chemical shifts are reported in ppm
relative to CHCl; (7.26 ppm for 'H, and 77.23 ppm for '*C NMR) or CD,Cl, (5.32 ppm for 'H,
and 53.84 ppm for *C NMR). IR spectra were recorded on a Nicolet Avatar 360 FTIR
spectrometer equipped with an attenuated total reflectance accessory or a Nicolet 6700 FT-IR
equipped with an attenuated total reflectance accessory, and only partial data are listed.
Melting points were determined on a Mel-Temp apparatus and are reported uncorrected. Mass
spectra (HRMS) were obtained by the University of California at Berkeley Mass Spectrometry
Facility or the Keck Center of Yale University.

Il. Synthesis of Starting Materials

lla. Synthesis of Sulfonyl Carbamates

formic acid base
)(') . >L j)\ . MeOH:H,0 (1:2) )N\HBOC CHCl, NBoc
R 0" “NH, PhSO,Na R” >SO,Ph R

In a 25 mL round bottom flask was combined aldehyde (13.5 mmol, 2 equiv), tert-butyl
carbamate (0.850 g, 7.25 mmol, 1 equiv), sodium benzenesulfinic acid (2.90 g, 18.1 mmol, 2.5
equiv), formic acid (0.52 mL, 13.5 mmol, 2 equiv), MeOH (8 mL), and water (15 mL). The
reaction mixture was stirred at rt for 24 h during which time it becomes heterogeneous. The
reaction mixturewas filtered and the precipitate was washed with water and Et,O to yield the
sulfonyl carbamate as a white powder.

The synthetic procedures and characterization have previously been reported for the
following sulfonyl carbarmates: N-tert-butyl((2-methylphenyl)(phenylsulfonyl)methyl)carbamate
(R = 2-MeCgH,),"® N-tert-butyl ((4-methoxyphenyl)(phenylsulfonyl)methyl)carbamate (R = 4-
OMeCgH,)," N-tert-butyl((2-thienyl)(phenylsulfonyl)methyl)carbamate (R = 2-thienyl),’ N-tert-
butyl(4-(trifluoromethyl)phenyl(phenylsulfonyl)methyl)carbamate (R = 4-CF3CgH,),'® N-tert-
butyl(4-chlorophenyl(phenylsulfonyl)methyl)carbamate (R = 4-CICgH,),'” N-tert-butyl(2-chloro-
phenyl(phenylsulfonyl)methyl)carbamate (R = 2-CICgH,),"” N-tert-butyl N-(4-nitrophenyl(phenyl-
sulfonyl)methyl)carbamate (R = 4-NO,CgH,4),"® N-tert-butyl(4-methylphenyl(phenylsulfonyl)-
methyl1)7carbamate (R = 4-MeCgH.)," N-tert-butylphenyl(phenylsulfonyl)methyl)carbamate (R =
CeHs).
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NHBoc
SO,Ph

MeOzC

N-tert-Butyl(4-methoxycarbonylphenyl(phenylsulfonyl)methyl)carbamate The
synthesis was performed according to the general procedure using 4-
methoxycarbonylbenzaldehyde (2.79 g, 17.0 mmol, 2 equiv), tert-butyl carbamate (1.02 g, 8.71
mmol, 1 equiv), sodium benzenesulfinic acid (3.55 g, 21.6 mmol, 2.5 equiv), formic acid (0.60
mL, 16 mmol, 2 equiv), MeOH (10 mL), and water (18 mL) yielded the sulfonyl carbamate as a
white powder (1.37 g, 3.38 mmol, 39% yield). mp: 176 °C (decomp.). IR (neat): 1726 (s), 1694
(s), 1506 (m), 1505 (m), 1308 (s), 1270 (s), 1248 (m), 1161 (w), 1142 (s), 1104 (m), 1085 (m),
1018 (w), 764 (w), 726 (m), 710 (m), 689 (m) cm™. '"H NMR (600 MHz, CDCl;) 5 8.09 (d, J = 8.1
Hz, 2H), 7.94 (d, J= 7.5 Hz, 2H), 7.68 (t, J = 7.4 Hz, 1H), 7.61 — 7.50 (m, 4H), 6.04 (d, J= 10.7
Hz, 1H), 5.97 (d, J = 10.6 Hz, 1H), 3.96 (s, 3H), 1.28 (s, 9H). *C{'"H} NMR (151 MHz, CDCl3) &
166.36, 153.50, 136.66, 134.72, 134.19, 131.38, 129.84, 129.48, 129.17, 129.01, 81.48, 73.63,
52.34, 28.01. HRMS (ESI+) Calcd for CooH23NOgNaS [M+Na]*428.1138; Found 428.1131.

NHBoc

OHC SO,Ph

N-tert-Butyl(3-carbonylphenyl(phenylsulfonyl)methyl)carbamate The synthesis was
performed according to the general procedure using isophthalaldehyde (1.15 g, 8.57 mmol, 2
equiv), tert-butyl carbamate (0.50 g, 4.3 mmol, 1 equiv), sodium benzenesulfinic acid (1.76 g,
10.7 mmol, 2.5 equiv), formic acid (0.3 mL, 8 mmol, 2 equiv), MeOH (5 mL), and water (9 mL).
The obtained solid was heated at reflux for 10 min in Et,O (20 mL) and filtered hot to remove
excess isophthalaldehyde. The sulfonyl carbarmate was isolated as a white solid (0.67 g, 1.8
mmol, 42% yield). mp: 160 °C (decomp). IR (neat): 1715 (m), 1688 (s), 1526 (m), 1448 (w),
1307 (m), 1169 (m), 1145 (s), 1084 (m), 800 (m), 715 (m), 686 (s) cm™. '"H NMR (500 MHz,
CDCl;) 6 10.08 (s, 1H), 8.06 — 7.93 (m, 4H), 7.82 (d, J = 7.5 Hz, 1H), 7.73 (t, J = 7.1 Hz, 1H),
7.69 — 7.58 (m, 3H), 6.09 (d, J = 10.5 Hz, 1H), 5.92 (d, J = 10.1 Hz, 1H), 1.30 (s, 9H). "*C{'H}
NMR (126 MHz, CDCl;) & 191.53, 153.56, 153.40, 136.64, 136.50, 135.07, 134.30, 131.20,
131.01, 129.85, 129.57, 129.31, 81.66, 73.21, 28.03. HRMS (ESI+) Calcd for CigH21NOsNaS
[M+Na]*398.1033; Found 398.1024.

NHBoc

SO,Ph

NC

N-tert-Butyl(4-cyanophenyl(phenylsulfonyl)methyl)carbamate The synthesis was
performed according to the general procedure using 4-cyanobenzaldehyde (1.19 g, 9.08 mmol,
2 equiv), tert-butyl carbamate (0.51 g, 4.3 mmol, 1 equiv), sodium benzenesulfinic acid (1.73 g,
10.5 mmol, 2.5 equiv), formic acid (0.3 mL, 8 mmol, 2 equiv), MeOH (5 mL), and water (9 mL).
The obtained solid was heated at refluxed for 10 min in Et,O (20 mL) and filtered hot to remove
excess 4-cyanobenzaldehyde. The sulfonyl carbamate was isolated as a white solid (0.665 g,
1.79 mmol, 41% yield). mp: 158 °C (decomp.). IR (neat): 2231 (w), 1695 (m), 1498 (m), 1447
(w), 1305 (m), 1247 (m), 1138 (s), 1078 (m), 797 (m) cm™". "H NMR (600 MHz, CDCl;) & 7.95 (d,
J=7.2Hz, 2H), 7.77 - 7.66 (m, 3H), 7.65 — 7.55 (m, 4H), 6.04 (d, J= 10.7 Hz, 1H), 5.95 (d, J =
10.5 Hz, 1H), 1.27 (s, 9H). "*C{'"H} NMR (151 MHz, CDCl;) 5 153.41, 136.35, 135.12, 134.44,
132.34, 129.75, 129.46, 129.30, 118.09, 113.71, 81.76, 73.29, 27.98. HRMS (ESI+) Calcd for
C19H20N204Na8 [I\/|+Na]+ 395.1036; Found 395.1034.
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lib. General Synthesis Procedure | for the Preparation of Boc-Imines
In a typical experiment sulfonyl carbamate (0.5 mmol) was dissolved in CH.Cl, (8 mL)
and 1.4 M K,CO; (8 mL) was added. The biphasic solution was stirred vigorously at rt for 4 h.
The organic layer was separated and the aqueous layer was washed two times with 10 mL of
CH.Cl,. The combined organics were concentrated in vacuo at rt to yield the Boc-imine.
NBoc

ey

N-tert-Butyl-4-methylbenzylidenecarbamate was synthesized according to the
general synthesis procedure | using 1 mmol of sulfonyl carbamate and was obtained as a
colorless oil (182 mg, 0.830 mmol, 83% yield). Characterization of this compound has been

reported previously.’
NBoc

|
O,N

N-tert-Butyl-4-nitrobenzylidenecarbamate was synthesized according to the general
synthesis procedure | and was obtained as a white solid (109 mg, 0.437 mmol, 87% yield).
Characterization of this compound has been reported previously.'®

NBoc

ey

N-tert-Butyl-4-cyanobenzylidenecarbamate was synthesized according to the general
synthesis procedure | and was obtained as a white solid (73 mg, 0.32 mmol, 63% yield). mp: 85-
87 °C. IR (film): 2230, 1698, 1631 cm™. 'H NMR (400 MHz, CDCl;): & 8.83 (s, 1H), 8.02 (d, J =
8.6 Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H), 1.59 (s, 9H). *C{'H} NMR (100 MHz, CDCl,): & 166.7,
161.9, 137.7, 132.5, 130.2, 117.9, 116.4, 83.1, 27.8. HRMS (ESI+) Calcd for C13H5N.O, [MH]*
231.1129; Found 231.1128.

ll\IBoc

N-tert-Butyl-benzylidenecarbamate was synthesized according to the general

synthesis procedure | and was obtained as a colorless oil (57 mg, 0.28 mmol, 51% yield).

Characterization of this compound has been reported previously."’
NBoc

|
F3C/©)

N-tert-Butyl-4-(trifluoromethyl)benzylidenecarbamate was synthesized according to
the general synthesis procedure | and was obtained as a white solid (80 mg, 0.30 mmol, 59%
yield). Characterization of this compound has been reported previously.'®

lic. General Synthesis Procedure Il for the Preparation of Boc-Imines Il

In a typical experiment the sulfonyl carbamate (0.75 mmol) was dissolved in CHxCl, (10
mL) and dry Cs,CO;3 (2.4 g, 7.5 mmol, 10 equiv) was added. The mixture was stirred vigorously
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at rt for 1 h. The slurry was filtered and the organic phase concentrated in vacuo to afford the
desired pure Boc-imine.
PBoc

Cl
N-tert-Butyl-4-chlorobenzylidenecarbamate was synthesized according to the general
synthesis procedure Il using of 0.37 mmol sulfonyl carbamate and was obtained as a white solid
(54 mg, 0.225 mmol, 72% yield). Characterization of this compound has been reported
previously."”
PBoc

MeOzC
N-tert-Butyl-4-methoxycarbonylbenzylidenecarbamate was synthesized according to
the general synthesis procedure Il and was obtained as a white solid (129 mg, 0.430 mmol,
55% yield). Characterization of this compound has been reported previously.'®
NBoc
OHC |

N-tert-Butyl-3-carbonylbenzylidenecarbamate was synthesized according to the
general synthesis procedure Il and was obtained as a colorless oil (90 mg, 0.39 mmol, 50%
yield). IR (neat): 1699 (s), 1633 (m), 1603 (w), 1368 (m), 1240 (s), 1138 (s), 984 (w), 851 (w),
802 (w), 682 (m) cm™. '"H NMR (500 MHz, CDCl;) 5 10.08 (s, 1H, CHO), 8.92 (s, 1H, CHN),
8.47 — 8.34 (m, 1H), 8.25 - 8.14 (m, 1H), 8.09 (dt, J= 7.7, 1.4 Hz, 1H), 7.66 (t, J= 7.7 Hz, 1H),
1.60 (s, 9H). "*C{'H} NMR (151 MHz, CDCl;)  191.18, 167.78, 162.12, 136.96, 135.29, 135.10,
133.41, 131.51, 129.71, 82.84, 27.93. HRMS (ESI+) Calcd for C43HsNOsNa [M+Na]* 256.0944;
Found 256.0946.

Me PBOC

N-tert-Butyl-2-methylbenzylidenecarbamate was synthesized according to the
general synthesis procedure Il using 0.29 mmol of sulfonyl carbamate and was obtained as a
colorless oil (11 mg, 0.050 mmol, 17% yield). Characterization of this compound has been
reported previously.'

Cl ll\IBoc

N-tert-Butyl-2-chlorobenzylidenecarbamate was synthesized according to the general
synthesis procedure Il using 0.6 mmol of the sulfonyl carbamate and was obtained as a
colorless oil (132 mg, 0.551 mmol, 92% yield). Characterization of this compound has been
reported previously."

NBoc
s |
\ |
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N-tert-Butyl-(thiophen-2-yImethylene)carbamate was synthesized according to the
general synthesis procedure Il using 0.58 mmol of the sulfonyl carbamate and was obtained as
a slightly orange solid (112 mg, 0.530 mmol, 92% yield). Characterization of this compound has
been reported previously.'

PBOC

MeO
N-tert-Butyl-4-methoxybenzylidenecarbamate was synthesized according to the
general synthesis procedure Il using 0.99 mmol of the sulfonyl carbamate and was obtained as
a white solid (87 mg, 0.38 mmol, 37% yield). Characterization of this compound has been
reported previously."”

lld. Synthesis of Other Starting Materials.
PNS

N-Benzylidene-4-nitrobenzenesulfonamide. In a 50 mL round flask equipped with a
magnetic stir bar, FeCl; (15 mg, 0.092 mmol, 0.04 equiv) was dissolved in EtOH (25 mL) and 4-
nitrobenzenesulfonamide (506 mg, 2.50 mmol, 1 equiv) and freshly distilled benzaldehyde (0.51
mL, 5.0 mmol, 2 equiv) were subsequently added. The solution was stirred vigorously at rt for
16 h. All volatiles were then removed in vacuo and the resulting solid was crystallized from hot
AcOEt/hexanes (1:3). The product was obtained as an off-white powder (360 mg, 1.24 mmol,
50%). Characterization of this compound has been reported previously.'

A
P

NHAc

N-(4-(Pyridin-2-yl)phenyl)acetamide. In a 10 mL round bottom flask was combined 4-
(pyridin-2-yl)aniline'® (200 mg, 1.18 mmol, 1 equiv), K,COs (490 mg, 3.5 mmol, 3 equiv), and
CH.CI, (5 mL). A solution of acetyl chloride in dichloromethane (1 M, 1.7 mL, 1.7 mmol, 1.5
equiv) was added dropwise. The reaction mixture was stirred at rt for 20 h. The reaction was
quenched with sat. NaHCO; and the resulting mixtue was extracted 3 x with CH,Cl,. The
combined organics were concentrated and purified by chromatography (1:1 hex:EtOAc) to yield
a yellow solid (220 mg, 1.03 mmol, 88% yield) mp: 130-132 "C. IR (film): 3249, 1664, 1590,
1532, 1466 cm™. "H NMR (400 MHz, CgDg): & 8.71-8.64 (m, 1H), 8.53 (d, J = 4.5 Hz, 1H), 7.80
(d, J = 8.8 Hz, 2H), 7.62-7.57 (m, 1H), 7.57-7.51 (m, 3H), 7.11-7.05 (m, 1H), 1.99 (s, 3H).
C{"H} NMR (100 MHz, CDCls): & 169.2, 156.9, 149.4, 139.2, 136.9, 134.9, 127.5, 121.9,
120.3, 120.0, 24.4. HRMS (ESI+) Calcd for C43H13N,O [MH]*213.1028; Found 213.1023.

lll. General Procedure for C—H Activation Experiments Monitored by NMR. In a
nitrogen-filled inert atmosphere box, in a vial was combined [Cp*RhCl,],, AgSbFs, 2-phenyl-
pyridine, tert-butyl benzylidenecarbamate, 2,6-dimethoxytoluene and solvent (0.5 mL). The
reaction mixture was transferred to thin-walled NMR tube. The tube was fitted with a Cajon
adapter, frozen with liquid nitrogen, and flame-sealed under vacuum. The tube was then placed
in an oil bath set to the desired temperature. Periodically, the tube was removed from the bath,
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cooled to room temperature, and analyzed by 'H-NMR spectroscopy to monitor the progress of
the reaction based on integration relative to 2,6-dimethoxytoluene as an internal standard. All
optimization reactions were carried out via this procedure by varying temperature, ligand, and
catalyst loading

IV. Rh(lll) Catalyzed Hydroarylation of Imines
A

N
“" NHBoc
Ph

N-tert-Butyl (phenyl(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3a). To a vial in a
glovebox was combined [Cp*RhCl;]> (15.5 mg, 0.0250 mmol, 0.1 equiv), AgSbFs (34.3 mg,
0.100 mmol, 0.4 equiv), 2-phenylpyridine (77.5 mg, 0.500 mmol, 2 equiv), tert-butyl benzylidene
carbamate (51 mg, 0.25 mmol, 1 equiv), and CH,Cl, (2.5 mL). The reaction mixture was
transferred to a 5 mL Schlenk tube, removed from the glovebox, and heated at 75 °C for 20 h.
Reaction mixture was then cooled to rt, concentrated in vacuo, and purified by chromatography
(5:1 hex:EtOAc) to yield a white solid (73.8 mg, 0.205 mmol, 82% yield) mp: 146-148 "C. IR
(film): 3253, 1690 cm™. 'H NMR (400 MHz, CDCls): § 8.27 (m, 1H), 7.49-7.36 (m, 2H), 7.36-
7.19 (m, 3H), 7.07-6.99 (m, 1H), 6.99-6.85 (m, 4H), 6.85-6.75 (m, 2H), 6.72-6.59 (m, 1H), 6.13
(d, J=8.5 Hz, 1H), 1.36 (s, 9H). *C{'H} NMR (100 MHz, CDCl;): § 160.0, 155.4, 148.4, 142.2,
141.2, 140.6, 136.5, 130.9, 130.1, 128.9, 127.8, 127.7, 126.4, 126.3, 124.3, 121.9, 79.3, 57.2,
28.6. HRMS (ESI+) Calcd for Co3HasN20O, [MH]*361.1916; Found 361.1909.

| AN
N
“" NHBoc
Ph
OMe

N-tert-Butyl ((5-methoxy-2-(pyridin-2-yl)phenyl)(phenyl)methyl)carbamate (5.3b).
To a vial in a glovebox was combined [Cp*RhCl,], (9.3 mg, 0.015 mmol, 0.1 equiv), AgSbFg
(20.6 mg, 0.060 mmol, 0.4 equiv), 2-(4-methoxyphenyl)pyridine (55.5 mg, 0.300 mmol, 2 equiv),
tert-butylbenzylidenecarbamate (31 mg, 0.15 mmol, 1 equiv), and CH.Cl, (1.5 mL). The
reaction mixture was transferred to a 5 mL Schlenk tube, removed from the glovebox, and
heated at 75 "C for 20 h. Reaction mixture was then cooled to rt, concentrated in vacuo, and
purified by chromatography (5:1 hex:EtOAc) to yield a white solid (37 mg, 0.095 mmol, 63%
yield) mp: 135-137 °C. IR (film): 3335, 1703 cm™. "H NMR (400 MHz, CDCl;): § 8.46 (d, J= 4.3
Hz, 1H), 7.43-7.36 (m, 1H), 7.26-7.15 (m, 1H), 7.04-6.97 (m, 2 H), 6.97-6.87 (m, 4H), 6.87-6.80
(m, 3H), 6.80-6.73 (m, 1H), 6.11 (d, J = 8.6 Hz, 1H), 3.78 (s, 3H), 1.39 (s, 9H). "*C{'H} NMR
(100 MHz, CDCl,): & 158.8, 154.3, 147.2, 141.5, 140.8, 135.3, 132.0, 131.2, 127.2, 126.6,
125.1, 128.1, 120.3, 114.7, 113.3, 111.5, 78.2, 56.3, 54.4, 27.5. HRMS (ESI+) Calcd for
C24H27N203 [l\/IH]+ 391 2022, Found 391.2003.
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N-tert-Butyl ((5-acetyl-2-(pyridin-2-yl)phenyl)(phenyl)methyl)carbamate (5.3c). To a
vial in a glovebox was combined [Cp*RhCl,], (15.5 mg, 0.0250 mmol, 0.1 equiv), AgSbFg (34.3
mg, 0.100 mmol, 0.4 equiv), 1-(4-(pyridin-2-yl)phenyl)ethanone (106 mg, 0.500 mmol, 2 equiv),
tert-butyl benzylidenecarbamate (51 mg, 0.25 mmol, 1 equiv), and CH.Cl, (2.5 mL). The
reaction mixture was transferred to a 5 mL Schlenk tube, removed from the glovebox, and
heated at 75 °C for 20h. Reaction mixture was then cooled to rt, concentrated in vacuo, and
purified by chromatography (2:1 hex:EtOAc) to yield a white solid (87 mg, 0.22 mmol, 87%
yield) mp: 47-49 "C. IR (film): 3350, 1690, 1681 cm™. 'H NMR (400 MHz, CDCl3): & 8.50 (d, J =
4.3 Hz, 1H), 8.08-8.02 (m, 1H), 7.88 (dd, J= 7.8, 1.7 Hz, 1H), 7.44 (t, J= 7.4 Hz, 1H), 7.34 (d, J
= 9.0 Hz, 1H), 7.07 (dd, J = 6.9, 5.1 Hz, 1H), 6.99 (d, J = 8.1Hz, 1H), 6.97-6.89 (m, 3H), 6. 75
(m, 2H), 6.55-6.49 (m, 1H), 6.23 (d, J = 8.7Hz, 1H), 2.57 (s, 3H), 1.38 (s, 9H). "*C{'"H} NMR
(100 MHz, CDCl,): 6 197.7, 158.7, 155.1, 148.5, 144.7, 141.6, 141.4, 137.0, 136.5, 131.2,
129.2, 127.9, 127.4, 126.5, 126.3, 124.1, 122.3, 79.5, 56.8, 28.4, 26.8. HRMS (ESI+) Calcd for

C25H27N203 [l\/IH]+ 4032022, Found 403.2006.

| AN
=N \HBoc
Ph
Cl

N-tert-Butyl ((5-chloro-2-(pyridin-2-yl)phenyl)(phenyl)methyl)carbamate (5.3d). To
a vial in a glovebox was combined [Cp*RhCl;]> (9.3 mg, 0.015 mmol, 0.1 equiv), AgSbFs (20.6
mg, 0.060 mmol, 0.4 equiv), 2-(4-chlorophenyl)pyridine (57 mg, 0.30 mmol, 2 equiv), tert-butyl
benzylidenecarbamate (31 mg, 0.15 mmol, 1 equiv), and CH,Cl, (1.5 mL). The reaction mixture
was transferred to a 5 mL Schlenk tube, removed from the glovebox, and heated at 75 “C for 20
h. Reaction mixture was then cooled to rt, concentrated in vacuo, and purified by
chromatography (5:1 hex:EtOAc) to yield a white solid (30 mg, 0.075 mmol, 50% yield) mp: 145-
147 °C. IR (film): 3347, 1703, 1500, 1020 cm™. 'H NMR (400 MHz, CDCl5): 5 8.49 (d, J = 4.7
Hz, 1H), 7.48-7.41 (m, 2H), 7.28 (dd, J = 8.3, 2.3 Hz, 1H), 7.21-7.17 (m, 1H), 7.07-7.03 (m, 1H),
7.00-6.93 (m, 4H), 6.85-6.78 (m, 2H), 6.49-6.38 (m, 1H), 6.14 (d, J = 8.1 Hz, 1H), 1.38 (s, 9H).
3C{'H} NMR (100 MHz, CDCls): § 159.0, 155.5, 148.9, 143.1, 141.6, 139.1, 136.8, 134.9,
132.4, 129.8, 128.2, 127.9, 126.8, 126.6, 124.5, 122.3, 79.8, 56.9, 28.8. HRMS (ESI+) Calcd for
C23H24CIN,O, [MH]" 395.1526; Found 395.1507.

A

=N NHBoc
Ph

NHAc
N-tert-Butyl ((5-acetamido-2-(pyridin-2-yl)phenyl)(phenyl)methyl)carbamate (5.3e).
To a vial in a glovebox was combined [Cp*RhCl,], (15.5 mg, 0.0250 mmol, 0.1 equiv), AgSbFg
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(34.3 mg, 0.100 mmol, 0.4 equiv), N-(4-(pyridin-2-yl)phenyl)acetamide (106 mg, 0.500 mmol, 2
equiv), tert-butyl benzylidenecarbamate (51 mg, 0.25 mmol, 1 equiv), and CH,Cl, (2.5 mL). The
reaction mixture was transferred to a 5 mL Schlenk tube, removed from the glovebox, and
heated at 75 "C for 20 h. Reaction mixture was then cooled to rt, concentrated in vacuo, and
purified by chromatography (1:2 hex:EtOAc) to yield a white solid (70 mg, 0.17 mmol, 67%
yield) mp: 127-130 "C. IR (film): 3281, 1690, 1671 cm™. 'H NMR (400 MHz, CDCls): § 8.45 (d,
J = 4.5 Hz, 1H), 8.29-8.25 (m, 1H), 7.71-7.74 (m, 1H), 7.44-7.36 (m, 1H), 7.31-7.25 (m, 1H),
7.19-7.15 (m, 1H), 7.04-6.98 (m, 1H), 6.98-6.83 (m, 5H), 6.83-6.74 (m, 2H), 6.08 (d, J = 8.5 Hz,
1H). "C{'H} NMR (100 MHz, CDCls): § 169.0, 159.3, 155.5, 148.2, 141.6, 141.3, 138.6, 136.5,
135.8, 131.7, 127.7, 126.3, 126.2, 124.2, 121.6, 120.8, 119.2, 79.4, 57.0, 28.5, 24.4 . HRMS
(ESI+) Calcd for CosHogN3O3 [MH]"418.2131; Found 418.2125.
A

N NHBoc
Ph

N-tert-Butyl ((4-methyl-2-(pyridin-2-yl)phenyl)(phenyl)methyl)carbamate (5.3f). To a
vial in a glovebox was combined [Cp*RhCl;]; (9.3 mg, 0.015 mmol, 0.1 equiv), AgSbFg (20.6
mg, 0.060 mmol, 0.4 equiv), 2-(m-tolyl)pyridine (50.7 mg, 0.300 mmol, 2 equiv), tert-butyl
benzylidenecarbamate (31 mg, 0.15 mmol, 1 equiv), and CH.Cl, (1.5 mL). The reaction mixture
was transferred to a 5 mL Schlenk tube, removed from the glovebox, and heated at 75 °C for 20
h. Reaction mixture was then cooled to rt, concentrated in vacuo, and purified by
chromatography (5:1 hex:EtOAc) to yield a white solid (50 mg, 0.13 mmol, 89% yield) mp: 53-56
"C. IR (film): 3312, 1697 cm™. 'H NMR (400 MHz, CDCl;): & 8.52-8.42 (m, 1H), 7.47-7.35 (m,
1H), 7.35-7.22 (m, 1H), 7.15-7.10 (m, 1H), 7.10-6.76 (m, 8H), 6.76-6.54 (m, 1H), 6.07 (d, J =
8.3 Hz, 1H), 2.29 (s, 3H), 1.37 (s, 9H) . "*C{'H} NMR (100 MHz, CDCls): & 160.3, 155.6, 148.8,
142.7, 140.7, 138.5, 137.7, 136.7, 132.0, 130.3, 129.8, 128.1, 126.6, 126.5, 124.6, 122.1, 79.5,
57.2,28.9, 21.4 . HRMS (ESI+) Calcd for Cp4H27N2O, [MH]* 375.2073; Found 375.2066.

N-tert-Butyl (phenyl(2-(quinolin-2-yl)phenyl)methyl)carbamate (5.3g). To a vial in a
glovebox was combined [Cp*RhCl,], (9.3 mg, 0.015 mmol, 0.1 equiv), AgSbFs (20.6 mg, 0.060
mmol, 0.4 equiv), 2-phenylquinoline (61.5 mg, 0.300 mmol, 2 equiv), tert-butyl benzylidene-
carbamate (31 mg, 0.15 mmol, 1 equiv), and CH,Cl, (1.5 mL). The reaction mixture was
transferred to a 5 mL Schlenk tube, removed from the glovebox, and heated at 75 °C for 20 h.
Reaction mixture was then cooled to rt, concentrated in vacuo, and purified by chromatography
(5:1 hex:EtOAc) to yield a white solid (46 mg, 0.11 mmol, 75% yield) mp: 61-63 °C. IR (film):
3286, 1704, 1487 cm™. "H NMR (400 MHz, CDCls): & 8.03 (d, J = 8.8 Hz, 1H), 7.86-7.81 (m,
1H), 7.71-7.63 (m, 3H), 7.58-7.53 (m, 1H), 7.49-7.44 (m, 1H), 7.42-7.36 (m, 1H), 7.36-7.30 (m,
2H), 7.02-6.96 (m, 1H), 6.95-6.80 (m, 1H) 6.80-6.62 (m, 4H), 6.1 (d, J = 8.8 Hz, 1H), 1.41 (s,
9H). 'C{'H} NMR (100 MHz, CDCls): § 160.5, 155.8, 147.0, 142.5, 142.2, 141.1, 136.9, 131.5,
131.1, 130.3, 129.3, 128.1, 127.9, 127.8, 127.0, 126.9, 126.3, 126.2, 126.1, 122.5, 79.4, 58.4,
28.9. HRMS (ESI+) Calcd for Co7Ho7NoO, [MH]*411.2073; Found 411.2061.
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N-tert-Butyl ((4-chlorophenyl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3h). To a
vial in a glovebox was combined [Cp*RhCl,], (3.3 mg, 0.0053 mmol, 0.1 equiv), AgSbF¢ (6.8
mg, 0.020 mmol, 0.4 equiv), 2-phenylpyridine (15.4 mg, 0.0992 mmol, 2 equiv), 2,4-
dimethoxytoluene (15.4 mg, 0.101 mmol, 2 equiv) N-tert-butyl-4-chlorobenzylidenecarbamate
(12.8 mg, 0.0530 mmol, 1 equiv), and CH,Cl, (0.5 mL). The slurry was transferred to an NMR
tube equipped with a sealed capillary containing C¢De. The tube was closed with a Cajon
adapter, removed from the glovebox, flame sealed and then placed into an oil bath preheated to
75 °C for 20 h. The reaction mixture was then cooled to rt, concentrated in vacuo, and purified
by chromatography (85:15 hexanes:EtOAc) to yield a white solid (16.0 mg, 0.0410 mmol, 77%
yield) mp: 60 °C. IR (neat): 1699 (s), 1588 (w), 1488 (s), 1365 (m), 1247 (m), 1163 (s), 1090
(m), 1043 (w), 1014 (s), 752 (s) cm™. '"H NMR (600 MHz, CDCl;): & 8.56 (s, 1H), 7.51 (m, 2H),
7.44 (id, 1H, J= 7.5, 1.5 Hz), 7.41 (td, 1H, J= 7.2, 1.5 Hz), 7.33 (m, 1H), 7.16 (d, J = 5.3 Hz,
1H), 7.06 (d, J= 7.5 Hz, 1H), 6.99 (d, J = 7.7 Hz, 2H), 6.95 (d, J = 8.1 Hz, 1H), 6.86 (d, J= 7.6
Hz, 2H), 6.15 (d, J = 7.6 Hz, 1H, CHNBoc), 1.46 (s, 9H, CMe;). *C{'"H} NMR (151 MHz, CDCl;)
O 159.88, 155.39, 148.34, 140.92, 140.73, 140.46, 136.72, 131.92, 131.12, 130.39, 128.99,
128.00, 127.82, 127.41, 124.31, 122.05, 79.49 (Ar,CHN), 57.04 (CMe3;), 28.61 (CMes). HRMS
(ESI+) Calcd for Ca3H24N20.Cl [MH]* 395.1521; Found 395.1530.

X

N NHBoc

g ‘ NO,

N-tert-Butyl ((4-nitrophenyl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3i). To a
vial in a glovebox was combined [Cp*RhCl], (15.5 mg, 0.0250 mmol, 0.1 equiv), AgSbF¢ (34.3
mg, 0.100 mmol, 0.4 equiv), 2-phenylpyridine (77.5 mg, 0.500 mmol, 2 equiv), tert-butyl 4-nitro-
benzylidenecarbamate (62.5 mg, 0.250 mmol, 1 equiv), and CH.Cl, (2.5 mL). The reaction
mixture was transferred to a 5 mL Schlenk tube, removed from the glovebox, and heated at 75
°C for 20 h. Reaction mixture was then cooled to rt, concentrated in vacuo, and purified by
chromatography (5:1 hex:EtOAc) to yield a white solid (78 mg, 0.19 mmol, 77% yield) mp: 51-53
"C. IR (film): 3306, 1701, 1514 1342 cm™. 'H NMR (400 MHz, CDCls): & 8.55 (d, J = 4.4 Hz,
1H), 7.85 (d, J = 8.1 Hz, 2H), 7.60-7.53 (m, 1H), 7.53-7.39 (m, 3H), 7.39-7.29 (m, 2H), 7.16-7.05
(m, 3H), 7.05-6.98 (m, 1H), 6.25 (d, J = 9.1 Hz, 1H), 1.48 (s, 9H). "*C{'H} NMR (100 MHz,
CDCls): 6 159.5, 155.4, 150.2, 148.1, 146.1, 140.0, 139.8, 136.9, 131.3, 131.0, 121.1, 128.3,
126.7, 124.2, 122.6, 122.1, 79.7, 57.7, 28.4..]JHRMS (ESI+) Calcd for Cu3H24N3O, [MH]*
406.1762; Found 406.1768.

A

N \HBoc

I I CN

N-tert-Butyl ((4-cyanophenyl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3j). To a
vial in a glovebox was combined [Cp*RhCl,], (25.5 mg, 0.0413 mmol, 0.1 equiv), AgSbF¢ (56.7
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mg, 0.165 mmol, 0.4 equiv), 2-phenylpyridine (128 mg, 0.826 mmol, 2 equiv), tert-butyl 4-
cyanobenzylidenecarbamate (95.0 mg, 0.413 mmol, 1 equiv), and CH)Cl, (4.1 mL). The
reaction mixture was transferred to a 5 mL Schlenk tube, removed from the glovebox, and
heated at 75 "C for 20 h. Reaction mixture was then cooled to rt, concentrated in vacuo, and
purified by chromatography (3:1 hex:EtOAc) to yield a white solid (85 mg, 0.21 mmol, 50%
yield) mp: 55-57 °C. IR (film): 3299, 2226, 1695, 1472 cm™. 'H NMR (400 MHz, CDCl5): & 8.53
(d, J=4.4 Hz, 1H), 7.56-7.47 (m, 2H), 7.47-7.39 (m, 2H), 7.36-7.31 (m, 1H), 7.31-7.24 (m, 3H),
7.14-7.09 (m, 1H), 7.06-7.01 (m, 2H), 7.01-6.96 (m, 1H), 6.21 (d, J = 8.2 Hz), 1.47 (s, 9H).
3C{'H} NMR (100 MHz, CDCls): § 159.5, 155.3, 148.1, 148.0, 140.1, 140.0, 136.7, 131.3,
131.2, 131.0, 129.1, 128.3, 126.6, 124.1, 122.0, 118.9, 109.7, 79.6, 57.7, 28.5. HRMS (ESI+)
Calcd for Co4H24N30, [MH]" 386.1864; Found 386.1866.
A

N
“"" NHBoc

0,

N-tert-Butyl  ((2-(pyridin-2-yl)phenyl)(4-(trifluoromethyl)phenyl)methyl)carbamate
(5.3k). To a vial in a glovebox was combined [Cp*RhCl;], (13.6 mg, 0.022 mmol, 0.1 equiv),
AgSbFg (30.2 mg, 0.088 mmol, 0.4 equiv), 2-phenylpyridine (68 mg, 0.44 mmol, 2 equiv), tert-
butyl 4-(trifluoromethyl)benzylidenecarbamate (60 mg, 0.22 mmol, 1 equiv), and CH,Cl, (2.2
mL). The reaction mixture was transferred to a 5 mL Schlenk tube, removed from the glovebox,
and heated at 75 °C for 20 h. Reaction mixture was then cooled to rt, concentrated in vacuo,
and purified by chromatography (5:1 hex:EtOAc) to yield a white solid (89 mg, 0.21 mmol, 95%
yield) mp: 52-54 °C. IR (film): 3260, 1693, 1325 cm™. 'H NMR (400 MHz, CDCl3): & 8.55 (d, J =
4.9 Hz, 1H), 7.56-7.37 (m, 4H), 7.35-7.29 (m, 1H), 7.26-7.22 (d, 2H), 7.14-7.08 (m, 1H), 7.08-
6.94 (m, 4H), 6.3 (d, J = 9.4 Hz, 1H), 9.25 (s, 9H) "*C{'H} NMR (100 MHz, CDCl;): § 159.7,
155.3, 148.1, 146.4, 140.4, 140.3, 136.6, 131.0, 130.7, 128.9, 128.4, 128.3 (q, Jcr = 31.1 Hz)
126.3, 124.5 (q, Jor = 3.1 Hz), 124.2, 124.1 (q, Jor = 270.2 Hz) 121.9, 79.5, 57.4, 28.5. "°F
NMR (375 Mhz, CDCl;): é -61.7 HRMS (ESI+) Calcd for Cu4H24F3N2O, [MH]* 429.1785; Found
429.1790.

N-tert-Butyl ((2-(pyridin-2-yl)phenyl)(p-tolyl)methyl)carbamate (5.3l). To a vial in a
glovebox was combined [Cp*RhCl;]> (15.5 mg, 0.0250 mmol, 0.1 equiv), AgSbFs (34.3 mg,
0.100 mmol, 0.4 equiv), 2-phenylpyridine (77.5 mg, 0.499 mmol, 2 equiv), tert-butyl 4-methyl-
benzylidenecarbamate (54.8 mg, 0.250 mmol, 1 equiv), and CH.Cl, (2.5 mL). The reaction
mixture was transferred to a 5 mL Schlenk tube, removed from the glovebox, and heated at 75
°C for 20 h. Reaction mixture was then cooled to rt, concentrated in vacuo, and purified by
chromatography (5:1 hex:EtOAc) to yield a white solid (65 mg, 0.18 mmol, 70% yield) mp: 49-51
"C. IR (film): 3299, 1696, 1472 cm™. 'H NMR (400 MHz, CDCl;): & 8.58 (d, J = 4.5 Hz, 1H),
7.58-7.50 (m, 1H), 7.50-7.30 (m, 4 H), 7.18-7.09 (m, 2H), 6.92-6.72 (m, 4 H), 6.53-6.34 (m, 1H),
6.16 (d, J = 8.3 Hz, 1H), 2.19 (s, 3H), 1.44 (s, 9H). "*C{'"H} NMR (100 MHz, CDCls): § 159.7,
155.1, 148.4, 140.9, 140.3, 139.1, 136.2, 135.7, 130.7, 129.4, 128.7, 128.4, 127.5, 126.2, 124.2,
121.7, 79.1, 56.5, 28.4, 20.9. HRMS (ESI+) Calcd for Ca3HoyNoO, [MH]* 375.2068; Found
375.2076
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N-tert-Butyl((4-methoxyphenyl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3m). To
a vial in a glovebox was combined [Cp*RhCl,], (3.0 mg, 0.005 mmol, 0.1 equiv), AgSbF¢ (3.7
mg, 0.011 mmol, 0.2 equiv), 2-phenylpyridine (15.5 mg, 0.100 mmol, 2 equiv), 2,4-
dimethoxytoluene (154 mg, 0.101 mmol, 2 equiv) a solution of N-tert-butyl-4-
methoxybenzylidenecarbamate in CH,Cl, (0.13 mL, 0.42 M, 0.055 mmol, 1 equiv), and CH.Cl,
(0.5 mL). The slurry was transferred to an NMR tube equipped with a sealed capillary
containing C¢Ds. The tube was closed with a Cajon adapter, removed from the glovebox, flame
sealed and then placed into an oil bath preheated to 75 “C for 20 h. The reaction mixture was
then cooled to rt, concentrated in vacuo, and purified by chromatography (85:15
hexanes:EtOAc) to yield a white solid (15.1 mg, 0.039 mmol, 70% yield). mp: 50 'C. IR (neat):
2160 (m, broad), 2027 (m, broad), 1698 (s), 1586 (w), 1508 (m), 1468 (w), 1364 (m), 1245 (s),
1161 (s), 1025 (m), 752 (s) cm™. "H NMR (600 MHz, CDCl;) & 8.61 (s, 1H), 7.57 (t, J = 6.9 Hz,
1H), 7.51 (d, J= 6.5 Hz, 1H), 7.44 (t, J= 7.8 Hz, 1H), 7.40 (t, J = 7.8 Hz, 1H), 7.35 (s, 1H), 7.16
(s, 1H), 7.13 (m, 1H), 6.85 (m, 2H), 6.61 (m, 2H), 6.53 (m, 1H), 6.18 (d, J = 8.0 Hz, 1H,
CHNBoc), 3.72 (s, 3H, OMe), 1.47 and 1.48 (rotamers of CMes;, 9H, coalescence at 323K).
3C{'H} NMR (151 MHz, CDCl;) & 159.83, 157.94, 155.13, 148.41, 141.04, 140.42, 136.34,
134.36, 130.76, 129.29, 128.66, 127.47, 124.17, 121.75, 113.95, 113.22, 79.27 (Ar,CHN),
56.37 (CMe3), 55.21 (OMe), 28.47 and 28.24 (rotamers of CMe; coalescence at 323 K). HRMS
(ESI+) Calcd for Ca4Ho7N2O3 [MH]*391.2016; Found 391.2030.

X

N NHBoc

g ‘ CO,Me

N-tert-Butyl ((4-methylbenzoato)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3n).
To avial in a glovebox was combined [Cp*RhCl,]. (3.6 mg, 0.006 mmol, 0.1 equiv), AgSbF¢ (8.5
mg, 0.025 mmol, 0.5 equiv), 2-phenylpyridine (15.4 mg, 0.099 mmol, 2 equiv), 2,4-
dimethoxytoluene (15.4 mg, 0.101 mmol, 2 equiv) N-tert-butyl-4-methoxycarbonylbenzylidene-
carbamate (13.2 mg, 0.050 mmol, 1 equiv), and CH,Cl, (0.5 mL). The slurry was transferred to
an NMR tube equipped with a sealed capillary containing C¢Ds. The tube was closed with a
Cajon adapter, removed from the glovebox, flame sealed and then placed into an oil bath
preheated to 75 °C for 20 h. The reaction mixture was then cooled to rt, concentrated in vacuo,
and purified by chromatography (85:15 hexanes:EtOAc) to yield a white solid (14.6 mg, 0.035
mmol, 70% yield). mp: 71 "C. IR (neat): 1705 (s), 1610 (w), 1470 (m), 1365 (w), 1276 (s), 1161
(s), 1103 (m), 1043 (w), 1017 (m), 753 (s) cm™. 'H NMR (500 MHz, CDCl;) 5 8.60 (d, J = 4.2
Hz, 1H), 7.72 (d, J = 7.8 Hz, 2H), 7.59 (d, J = 6.9 Hz, 1H), 7.54 — 7.43 (m, 3H), 7.38 (d, J= 7.1
Hz, 1H), 7.22 — 7.11 (m, 2H), 7.03 (m, 2H), 6.27 (d, J = 9.0 Hz, 1H, CHNBoc), 3.88 (s, 3H,
CO,Me), 1.51 (s, 9H, CMe;). "*C{'H} NMR (126 MHz, CDCl;) d 167.01, 159.73, 155.40, 148.17,
147.68, 140.57, 140.51, 140.33, 136.67, 131.14, 131.09, 130.80, 128.95, 128.02, 125.99,
124.21, 121.98, 79.65 (Ar,CHN), 57.62 (CMes), 51.98 (OMe), 28.51 (CMes). HRMS (ESI+)
Calcd for C25H27N204 [MH]+41 9.1 965, Found 419.1969.
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N-tert-Butyl((2-chlorophenyl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.30). To a
vial in a glovebox was combined [Cp*RhCl,], (3.0 mg, 0.005 mmol, 0.1 equiv), AgSbFg (4.8 mg,
0.014 mmol, 0.2 equiv), 2-phenylpyridine (16.1 mg, 0.104 mmol, 2 equiv), 2,4-dimethoxytoluene
(15.8 mg, 0.104 mmol, 2 equiv) a solution of N-tert-butyl-2-chlorobenzylidenecarbamate in
CH.CI, (0.25 mL, 0.20 M, 0.05 mmol, 1 equiv), and CH.Cl, (0.45 mL). The slurry was
transferred to an NMR tube equipped with a sealed capillary containing CsDs. The tube was
closed with a Cajon adapter, removed from the glovebox, flame sealed and then placed into an
oil bath preheated to 75 "C for 20 h. The reaction mixture was then cooled to rt, concentrated in
vacuo, and purified by chromatography (85:15 hexanes:EtOAc) to yield a white solid (17.7 mg,
0.047 mmol, 76% yield). mp: 82 °C. IR (neat): 1697 (s), 1468 (m), 1364 (m), 1255 (m), 1160 (s),
1017 (m), 749 (s) cm™. "H NMR (500 MHz, CDCl;) & 8.67 (s, 1H), 7.67 (t, J = 7.5 Hz, 1H), 7.39
(m, 3H), 7.35 - 7.30 (m, 2H), 7.26 - 7.23 (m, 1H), 7.21 (d, J = 5.5 Hz, 1H), 7.17 (s, 1H), 7.10 (m,
2H), 6.38 (d, J = 7.6 Hz, 1H), 5.85 (s, 1H), 1.47 and 1.48 (rotamers of CMe;, 9H). "*C{'"H} NMR
(126 MHz, CDCl;) & 154.56, 148.94, 140.77, 139.44, 138.60, 136.46, 133.14, 130.45, 129.62,
129.15, 128.22, 128.53, 128.12, 127.87, 127.74, 126.26, 123.79, 121.98, 79.50 (Ar,CHN),
54.65 (CMej), 28.41 and 28.33 (rotamers of CMez). HRMS (ESI+) Calcd for Co3HosN2OLCl
[MH]": 395.1521; Found 395.1527.

A

N \HBoc

I

N-tert-Butyl((2-methylphenyl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3p). To a
vial in a glovebox was combined [Cp*RhCl;], (3.1 mg, 0.005 mmol, 0.1 equiv), AgSbFs (3.8 mg,
0.011 mmol, 0.2 equiv), 2-phenylpyridine (16.7 mg, 0.108 mmol, 2 equiv), 2,4-dimethoxytoluene
(15.4 mg, 0.101 mmol, 2 equiv) a solution of N-tert-butyl-2-methylbenzylidenecarbamate in
CH.CIl, (0.17 mL, 0.30 M, 0.051 mmol, 1 equiv), and CH.Cl, (0.5 mL). The slurry was
transferred to an NMR tube equipped with a sealed capillary containing CsDs. The tube was
closed with a Cajon adapter, removed from the glovebox, flame sealed and then placed into an
oil bath preheated to 75 "C for 20 h. The reaction mixture was then cooled to rt, concentrated in
vacuo, and purified by chromatography (85:15 hexanes:EtOAc) to yield a white solid (17.7 mg,
0.047 mmol, 92% yield). mp: 55 "C. IR (neat): 1696 (s), 1485 (m), 1426 (w), 1364 (m), 1250
(m), 1162 (s), 1017 (m), 751 (s) cm™. "H NMR (400 MHz, CDCl;) & 8.67 (d, J = 4.1 Hz, 1H),
7.64 (t, J=7.2 Hz, 1H), 7.47 — 7.31 (m, 4H), 7.21 (m, 2H), 7.04 (m, 4H ), 6.33 (d, J = 7.8 Hz,
1H, CHNHBoc), 5.55 (d, J = 7.4 Hz, 1H, NHBoc), 2.01 (s, 3H, ArMe), 1.54 — 1.37 (rotamers, 9H,
CMe;). *C{'H} NMR (126 MHz, CDCl;) 5 154.51, 149.07, 140.72, 140.11, 139.55, 136.26,
135.78, 130.37, 130.32, 128.55, 128.38, 127.50, 126.84, 126.08, 125.56, 124.26, 123.75,
121.88, 79.30 (Ar,CHN), 53.61 (CMe3), 28.44 and 28.26 (rotamers CMe3), 19.43 (ArMe). HRMS
(ESI+) Calcd for Cy4H27NoO, [MH]* 375.2067; Found 375.2072.
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N-tert-Butyl ((3-carbonylphenyl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3q).
To avial in a glovebox was combined [Cp*RhCl,]> (3.5 mg, 0.006 mmol, 0.1 equiv), AgSbF¢ (7.7
mg, 0.022 mmol, 0.4 equiv), 2-phenylpyridine (15.5 mg, 0.100 mmol, 2 equiv), 2,4-
dimethoxytoluene (15.4 mg, 0.101 mmol, 2 equiv) N-tert-butyl-3-carbonylbenzylidenecarbamate
(14.5 mg, 0.062 mmol, 1 equiv), and CH,Cl, (0.5 mL). The slurry was transferred to an NMR
tube equipped with a sealed capillary containing C¢Des. The tube was closed with a Cajon
adapter, removed from the glovebox, flame sealed and then placed into an oil bath preheated to
75 °C for 20 h. The reaction mixture was then cooled to rt, concentrated in vacuo, and purified
by chromatography (85:15 hexanes:EtOAc) to yield a white solid (16.9 mg, 0.050 mmol, 81%
yield). mp: 52 °C. IR (neat): 1694 (s), 1488 (m), 1365 (w), 1246 (m), 1157 (s), 1044 (w), 1018
(m), 794 (m), 752 (s) cm™. 'H NMR (600 MHz, CDCl3) 8 9.79 (s, 1H, ArCHO), 8.56 (d, J = 4.8
Hz, 1H), 7.56 (d, J = 7.0 Hz, 1H), 7.49 (d, J = 6.6 Hz, 1H), 7.47 — 7.39 (m, 4H), 7.32 (d, J= 7.2
Hz, 1H), 7.23 — 7.14 (m, 3H), 7.11 = 7.06 (m, 1H), 6.96 (d, J= 7.5 Hz, 1H), 6.25 (d, J = 8.9 Hz,
1H), 1.48 (bs, 9H, CMe;). *C{'"H} NMR (151 MHz, CDCl;) & 192.24 (ArCHO), 159.78, 155.40,
148.17, 143.56, 140.49, 140.27, 136.58, 135.75, 132.36, 131.11, 130.75, 129.01, 128.29,
128.06, 127.61, 127.01, 124.09, 121.89, 79.52 (Ar,CHN), 57.39 (CMe3;), 28.48 (CMes). HRMS
(ESI+) Calcd for Cz4H25N203 [MH]* 389.1860; Found 389.1866.

| N
=N NHBoc
S
|

N-tert-Butyl(thiophene-2-yl)(2-(pyridin-2-yl)phenyl)methyl)carbamate (5.3r). To a
vial in a glovebox was combined [Cp*RhCl,], (3.3 mg, 0.005 mmol, 0.1 equiv), AgSbFg (9.0 mg,
0.026 mmol, 0.5 equiv), 2-phenylpyridine (15.8 mg, 0.102 mmol, 1 equiv), 2,4-dimethoxytoluene
(15.5 mg, 0.102 mmol, 1 equiv) a solution of N-tert-butyl-(thiophen-2-ylmethylene)carbamate in
CH.CI, (0.30 mL, 0.27 M, 0.08 mmol, 1 equiv), and CH.Cl, (0.40 mL). The slurry was
transferred to an NMR tube equipped with a sealed capillary containing CsDs. The tube was
closed with a Cajon adapter, removed from the glovebox, flame sealed and then placed into an
oil bath preheated to 75 “C for 20 h. The reaction mixture was then cooled to rt, concentrated in
vacuo, and purified by chromatography (85:15 hexanes:EtOAc) to yield an orange solid (21.1
mg, 0.057 mmol, 71% yield). mp: 110 "C. IR (neat): 1694 (s), 1470 (s), 1364 (m), 1246 (m),
1160 (s), 1043 (w), 1014 (m), 751 (s), 694 (s) cm™. 'H NMR (500 MHz, CDCl;) 5 8.58 (d, J = 4.1
Hz, 1H), 7.59 (t, J = 7.3 Hz, 1H), 7.55 (d, J = 6.7 Hz, 1H), 7.47 — 7.34 (m, 3H), 7.24 — 7.18 (m,
1H), 7.14 (dd, J = 6.0, 1H), 6.95 (m, 2H), 6.65 (s, 1H), 6.42 (s, 1H), 6.37 (d, J = 8.5 Hz, 1H),
1.46 (bs, 9H, CMe;). *C{'H} NMR (126 MHz, CDCl;)  159.71, 155.03, 148.47, 147.32, 140.42,
136.53, 130.98, 129.31, 128.85, 128.03, 126.26, 124.48, 124.30, 124.22, 123.97, 121.82, 79.45
(AroCHN), 54.11 (CMe;), 28.47 and 28.34 (rotamers of CMej;). HRMS (ESI+) Calcd for
C21 H23N2028 [MH]+ . 3671475, Found 367.1480.
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4-Methyl-N-(1-(2-(pyridin-2-yl)phenyl)pentyl)benenesulfonamide (5.3u). To a vial in
a glovebox was combined [Cp*RhCl,], (6.5 mg, 0.011 mmol, 0.1 equiv), AgSbF¢ (8.9 mg, 0.026
mmol, 0.3 equiv), 2-phenylpyridine (14.8 mg, 0.0953 mmol, 1 equiv), 2,4-dimethoxytoluene
(14.6 mg, 0.0959 mmol, 1 equiv), 4-methyl-N-pentylidenebenzenesulfonamide® and CH,Cl;
(0.70 mL). The slurry was transferred to an NMR tube equipped with a sealed capillary
containing CgDs. The tube was closed with a Cajon adapter, removed from the glovebox, flame
sealed and then placed into an oilbath preheated to 75 °C for 20 h. The reaction mixture was
then cooled to rt, concentrated in vacuo, and purified by chromatography (75:25
hexanes:EtOAc) to yield a white solid (26.4 mg, 0.069 mmol, 72% yield). mp: 105 °C. IR (neat):
3060 (w), 1588 9w), 1469 (m), 1323 (s), 1157 (s), 1147 (s), 1092 (s), 1053 (m), 997 (w), 951
(m), 754 (s), 658 (s) cm™. "H NMR (300 MHz, CDCl;) & 8.72 (d, J = 4.1 Hz, 1H), 8.37 (s, 1H),
7.84 (td, J=7.7, 1.8 Hz, 1H), 7.54 (d, J = 8.3 Hz, 2H), 7.42 (d, J = 7.9 Hz, 1H), 7.38 — 7.33 (m,
1H), 7.26 — 7.16 (m, 2H), 7.04 — 6.95 (m, 3H), 6.83 (d, J = 7.4 Hz, 1H), 4.33 (ddd, J = 7.7 Hz,
1H, ArCH(NHTs)Bu), 2.31 (s, 3H), 1.48 — 1.34 (m, 1H), 1.23 —1.10 (m, 2H, CH.Pr), 1.11 — 0.98
(m, 2H, CH.Et), 1.00 — 0.84 (m, 1H, CH,CH.CH3), 0.68 (t, J = 7.1 Hz, 3H, CH,CH;). *C{'H}
NMR (151 MHz, CDCl;) & 160.61, 148.29, 142.21, 139.53, 138.82, 138.69, 137.65, 131.48,
130.41, 129.04, 128.37, 127.30, 127.03, 124.82, 122.46, 59.59 (nBuCHNTSs), 35.17 (CH-Pr),
28.69 (CH:Et), 22.14 (Ar-Me), 21.49 (CH:Me), 13.87 (CH.Me). HRMS (ESI+) Calcd for
Cao3H27N20,S [MH]* : 395.1788; Found 395.1786.

A

N \HTs

Ph

4-Methyl-N-(phenyl(2-(pyridin-2-yl)phenyl)methyl)benzenesulfonamide (5.3v). To a
vial in a glovebox was combined [Cp*RhCl,], (15.5 mg, 0.0250 mmol, 0.1 equiv), AgSbFg (34.3
mg, 0.100 mmol, 0.4 equiv), 2-phenylpyridine (39 mg, 0.25 mmol, 1 equiv), N-benzylidene-4-
methylbenzenesulfonamide (65 mg, 0.25 mmol, 1 equiv), and CH,Cl, (2.5 mL). The reaction
was transferred to a 5 mL schlenk tube, removed from the glovebox, and heated at 75 “C for 20
h. Reaction was then cooled to rt, concentrated in vacuo, and purified by chromatography (5:1
hex:EtOAc) to yield a white solid (42 mg, 0.10 mmol, 40% yield) mp: 152-154 °C. IR (film):
3260, 1330, 1148, 1048 cm™. 'H NMR (400 MHz, CDCl;): § 8.78 (d, J = 10.5 Hz, 1H), 8.45 (d, J
= 4.6 Hz, 1H), 7.54 (d, J = 7.9 Hz, 2H), 7.42-7.33 (m, 1H), 7.23-7.10 (m, 2H), 7.06-6.90 (m, 5H),
6.90-6.78 (m, 6H), 5.63 (d, J = 9.9 Hz, 1H), 2.25 (s, 3H). "*C{'H} NMR (100 MHz, CDCls): §
159.8, 147.5, 142.3, 140.7, 139.9, 139.4, 138.7, 137.0, 131.4, 131.1, 129.1, 128.1, 127.7, 127.3,
126.9, 126.2, 125.9, 124.4, 121.9, 61.4, 21.4. HRMS (ESI+) Calcd for CasH23N-O,S [MH]*
415.1480; Found 415.1478.



4-Nitro-N-(phenyl-(2-(pyridin-2-yl)phenyl)methyl)benenesulfonamide (5.3w). To a
vial in a glovebox was combined [Cp*RhCl,], (1.6 mg, 0.003 mmol, 0.05 equiv), AgSbF¢ (5.0
mg, 0.015 mmol, 0.3 equiv), 2-phenylpyridine (15.8 mg, 0.102 mmol, 2 equiv), 2,4-
dimethoxytoluene (15.5 mg, 0.102 mmol, 2 equiv), 4-nitro-N-benzylidenebenzenesulfonamide,
and CH.CI, (0.60 mL). The slurry was transferred to an NMR tube equipped with a sealed
capillary containing C¢Des. The tube was closed with a Cajon adapter, removed from the
glovebox, flame sealed and then placed into an oilbath preheated to 75 “C for 20 h. The reaction
mixture was then cooled to rt, concentrated in vacuo, and purified by chromatography (85:15
hexanes:EtOAc) to yield a white solid (16.6 mg, 0.028 mmol, 51% yield). mp: 130 °C. IR (neat):
2160 (m, broad), 2028 (m, broad), 1526 (s), 1347 (s), 1301 (m), 1162 (s), 1091 (m), 1027 (w),
854 (m) 794 (w), 745 (s), 734 (s), 697 (m), 685 (s) cm™. 'H NMR (600 MHz, CDCl3) 5 9.74 (d, J
= 7.5 Hz, 1H), 8.55 (d, J = 4.8 Hz, 1H), 8.07 (d, J = 8.8 Hz, 2H), 7.90 (d, J = 8.8 Hz, 2H), 7.52
(td, J=7.7,1.6 Hz, 1H), 7.28 — 7.23 (m, 2H), 7.16 — 7.12 (m, 1H), 7.07 (id, J = 7.4, 1.5 Hz, 1H),
7.04 — 7.01 (m, 1H), 7.00 — 6.95 (m, 6H), 5.77 (d, J = 6.5 Hz, 1H). "*C{'H} NMR (151 MHz,
CDCl3) 6 159.59, 149.31, 147.70, 147.35, 139.74, 139.24, 139.18, 137.44, 131.91, 131.20,
128.30, 128.29, 128.05, 127.52, 126.53, 125.75, 124.79, 123.63, 122.24, 62.17. HRMS (ESI+)
Calcd for Cp4H2oN30,S [MH]" : 446.116; Found 446.1167.
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