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ABSTRACT: A Rh(III)-catalyzed sequential C—H bond addition
to dienes and in situ formed aldimines was developed, allowing for
the preparation of otherwise challenging to access amines with
quaternary centers at the f-position. A broad range of dienes were
effective inputs and installed a variety of aryl and alkyl substituents
at the quaternary carbon site. Aryl and alkyl sulfonamide and
carbamate nitrogen substituents were incorporated by using
different formaldimine precursors. Moreover, the in situ formed
N-Cbz aldimine from ethyl glyoxylate provided f3,4-disubstituted a-
amino esters with high diastereoselectivity. Two rhodacycle
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¢ Investigation of the complex interplay between
rhodacycle intermediates and the three reactants

intermediates along the catalytic cycle were isolated and characterized by X-ray structural analysis, and the equilibria between
the rhodacycle species in the presence of different reactants were determined. Deuterium labeling studies provided additional
information to explain the uncommon 1,3-addition selectivity to the conjugated diene. Density functional theory calculations were
consistent with the equilibria determined between the rhodacycle intermediates in the presence of different reactants and provided
further insight on the transition state structures and energies for key steps in the catalytic cycle.
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B INTRODUCTION

The transition metal-catalyzed sequential addition of C—H
bonds to two different coupling partners is an efficient and
modular way to introduce molecular complexity in a single
step.” The Rh(IIT)- and Co(IIl)-catalyzed addition of C—H
bonds to dienes and different types of electrophilic reactants,
including aldehydes and ketones, ™’ amidating,4 cyanating,5
and formylating reagents,6 has proven to be a particularly
powerful approach for the synthesis of diverse complex
frameworks and often proceeds via an uncommon 1,3-addition
to the diene (Scheme 1A). Notably, when internally
substituted dienes are employed as reactants, a new bond
forms at a challenging tetrasubstituted carbon site.

Amines are incorporated in a large majority of drugs and
clinical candidates, thereby inspiring the development of
transition metal-catalyzed additions of C—H bonds to imines
(Scheme 1B). Several reports have appeared on C—H bond
additions to activated imines such as N-Boc, N-tosyl, and N-
per-fluorobutanesulfinyl derivatives [Scheme 1B(I1)].” More
recently, transition metal-catalyzed additions of arene C—H
bonds to formaldimines have been explored to provide drug
relevant aminomethylated products. For these applications, the
high reactivity and poor stability of formaldimines has required
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that they be prepared in situ or be used as stock solutions
[Scheme 1B(11)].*

Herein, we report the first examples of sequential C—H
bond additions to dienes and highly reactive and unstable
formaldimines, which posed a particular challenge for
sequential addition because they needed to be generated in
situ [Scheme 1C(1)]. Challenging quaternary centers were
generated at the P-position to the amine using internally
substituted dienes. A broad range of dienes were effective,
including dienes with methyl, alkyl and aryl substituents at the
R? position and hydrogen and aryl groups at the R® position.
Moreover, different formaldimine precursors were employed to
provide amine products protected with the tosyl, Cbz and Boc
protecting groups. Given the frequency with which the
sulfonamide motif occurs in drug structures, a variety of alkyl

Received: September 24, 2024
Revised: ~ November 2, 2024

Accepted: November 15, 2024
Published: November 22, 2024

il
i Fig

https://doi.org/10.1021/acscatal.4c05866
ACS Catal. 2024, 14, 18124-18133


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Ramsey+M.+Goodner%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Daniel+S.+Brandes%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Gabriel+N.+Morais%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Qiyuan+Tao%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Joseph+P.+Tassone%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Brandon+Q.+Mercado%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Brandon+Q.+Mercado%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Shuming+Chen%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jonathan+A.+Ellman%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.4c05866&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05866?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05866?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05866?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05866?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05866?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/accacs/14/23?ref=pdf
https://pubs.acs.org/toc/accacs/14/23?ref=pdf
https://pubs.acs.org/toc/accacs/14/23?ref=pdf
https://pubs.acs.org/toc/accacs/14/23?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.4c05866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Scheme 1. Sequential C—H Bond Addition to Dienes and
Formaldimine Precursors
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and aryl sulfonamide derivatives were also prepared. The in
situ formed N-Cbz imine from ethyl glyoxylate also coupled
with dienes incorporating different R* and R® substituents
efficiently and with high diastereoselectivity to provide S,3-
disubstituted a-amino esters that would be very difficult to
access by other approaches [Scheme 1C(II)].

As represented by the reaction reported herein, the
transition metal-catalyzed sequential addition of C—H bonds
to two different coupling partners requires a complex interplay
between the metal catalyst and three different reactants.” To
elucidate the reaction mechanism, two new rhodacycle
complexes along the catalytic cycle were isolated and
characterized by X-ray structural analysis. Subjecting these
rhodacycle intermediates to the reaction conditions in the
presence of different reactants enabled the thermodynamic
equilibrium between these species to be determined, and
unexpectedly, established that product release from the catalyst
requires the presence of both the C—H bond substrate and
diene. DFT calculations were performed to provide further
insight into the reaction mechanism and were consistent with
the observed equilibria between rhodacycle intermediates. The
observed equilibria and activation energies between the
different species formed during the reaction have significant
implications for the design of new C—H functionalization
reactions with multiple coupling partners.

B RESULTS AND DISCUSSION

Given Cui and co-workers’ successful application of bis-
(tosylamido)methane &BTM) for the direct aminomethylation
of arene C—H bonds,*” we were motivated to first investigate
BTM in our sequential C—H bond addition reaction. Extensive
reaction optimization was conducted for the reaction of 2-(m-
tolyl)pyridine (1a), isoprene (2a), and BTM (3a) (Table 1

Table 1. Reaction Parameters for Sequential Addition

Me
\ \N \{& [CP*RACLl, (5 mol %) || \N
7, @0 oquiv)  NaOPiv (20 mol %) “Y Me Me
TSHN __NHTs  HFIP (1.0 W) NN AT
e (2.0::,?1uiv) 10°C16h 4a
entry” variation from standard conditions yield 4a” (%)

1 none 96 (90)°
2 no [Cp*RhCL], 0

3 [Cp*RhCL,], (5 mol %), AgB(CFs), (20 mol %) 93

4 [Cp*CoCL], (S mol %) 0

S [Cp*IrCL,], (5 mol %) 3

6 [RuCl,(p-cymene)], (5 mol %) 0

7 no NaOPiv 86

8 NaOAc (20 mol %) 71

9 HOPiv (20 mol %) 65

10 1,4-dioxane as solvent 7

11 1,2-dichloroethane as solvent 10

12 toluene as solvent 14

13 toluene as solvent, AgB(C4F;), (20 mol %) 62

14 90 °C 38

15 130 °C 63

16 0.5 M 65

“Conditions: Reactions were performed on 0.1 mmol of C—H bond
substrate with 0.4 mmol of isoprene and 0.2 mmol of imine precursor.
“Yields determined by 'H NMR analysis with trimethylphenylsilane
as a standard. “Isolated yield of pure material.

and Tables S1—S3). The optimal conditions employed
[Cp*RhCL,], as the catalyst and sodium pivalate (NaOPiv)
as a base additive with hexafluoroisopropanol (HFIP) as the
solvent (entry 1). The Rh(III) catalyst was necessary for the
reaction to occur (entry 2). Considering the 96% yield of the
reaction under the standard conditions (entry 1), addition of
the halide abstractor AgB(CFs), was not expected to provide
any improvement (entry 3). However, when the basic 2-pyridyl
directing group was substituted with less basic N-heterocycles,
such as triazoles, the inclusion of the silver salt was required to
obtain high yields (see Table S1). Other d° metal catalyst
systems, such as [Cp*CoClL],, [Cp*IrCL], and [RuClL(p-
cymene)],, did not provide appreciable product (entries 4—6,
Table S2).

The addition of NaOPiv was not necessary when C—H bond
reactants with the 2-pyridyl directing group were employed as
substrates (entry 7), likely because the pyridine directing group
is an effective base for C—H activation by concerted metalation
deprotonation.'” However, for less basic directing groups,
NaOPiv resulted in improved yields, and thus was included in
the standard reaction conditions (see Table S1). The use of
the less hindered sodium acetate (entry 8) and pivalic acid
(entry 9) as additives led to modest reductions in yield. HFIP
proved to be the optimal solvent, and other common solvents
for C—H activation reactions such as 1,4-dioxane, 1,2-
dichloroethane, and toluene were much less effective (entries
10—12). Notably, when the chloride abstractor AgB(CF;),
was added with toluene as the solvent, much of the conversion
was restored (entry 13). These conditions were found to be
optimal for the coupling of carbamate protected imine
precursors (see Table S3).

Lowering the temperature from 110 to 90 °C provided a
significant decrease in yield (entry 14), while raising the
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Scheme 2. Scope of Sequential C—H Addition to Dienes and Formaldimines®

DG i [CP*RACl], (5 mol % 6 e ,p
T 0
_ + R , X __NHP NaOPiv (20 mol % ~ NHP
R'— | PN HFIP (1.0 M R ]
A 2 3 110 °C, 16nh N
1 (2 or 4 equiv) (2 equiv) 4
C-H Bond Substrate
X AS A A X
| i | | )
_N _N N _N N.__N
Me Me Me Me Me Me Me Me Me Me
X NHTs X NHTs Me X NHTs X NHTs N NHTs
R MeO Me
4a, R = Me, 90% OMe
‘ ‘ 4c, 589 4d, 619 4e, 57 41, 86%
4b, R = Br, 70% c, 58% d, 61% o 57>  anE%
{/ \ 7\ BnN—N\ . | A
_N N. .N N i _N
N Me, Me N Me_ Me Me  Me ; Me
N NHTs x NHTs x NHTs ! X NHTs
Me Me i Me Me
4g, 77%° 4h, 80%9 ; 4j, 68%
Diene: cl MeO,C N
X A |
= = Me Ph
Me Me NHT
O x NHTs O x NHTs NHTs X s
Me Me Me Me
41, 59% 4m, 73% 4n, 81% 4p, 64%
NO, A A Cbz X S
| | N | o |
_N _N _N _N
Me
X NHTs X NHTs X NHTs X NHTs
Me Me Me Me Me
____________ 49,478 L ANSS L ASBAB L AMTE® A3t
Nitrogen Substituent
[ [ B B
_N _N _N _N OMe
Me_ Me Me_ Me Me Me H Me Me H
Y NHCbz X NHBoc X N. X N.
/,S\\ //S\\
[elN6) O O
Me Me Me Me
4v, 61%f 4w, 30%f 4x, 78% 4y,79%
[ [ [ [
N Cl N CF3 _N N
Me Me y /©/ Me Me 4y /©/ Me Me y Me Me y
N. N. N. .M N. M
X s X s N s Me N g~ Me
7\ 7\ 27\ 7\
M [e}N6) M [elN6) M [e)N6) M [eJN6)
© 42,52 © 4aa, 34% © 4ab, 79% © 4ac, 72%

“Four equiv of diene. Performed at 90 °C. “Performed at 130 °C. “Performed at 130 °C, 20 mol % of AgB(C4F;),. “Two equiv of diene. X =
OAc, Performed in toluene (1.0 M), 20 mol % of AgB(C4F;),. X = NHP unless otherwise noted.

temperature to 130 °C gave a moderate drop to 63% yield
(entry 15). However, for some substrates, lowering the
temperature to 90 °C or raising the temperature to 130 °C
was necessary to avoid formation of over addition products or
enhance conversion to product, respectively (vide infra).
Finally, when the concentration was halved from 1.0 to 0.5 M,
the product was obtained in lower yield (entry 16).

After determining the optimal reaction conditions, we
explored the scope of the C—H bond substrate, diene, and
formaldimine precursor (Scheme 2). C—H bond substrates
incorporating both electron donating and withdrawing meta-
substituents were effective reactants (4a and 4b). Moreover,
the disubstituted bis-methoxyphenylpyridine could be em-

18126

ployed (4c). In addition to meta-substituted 2-phenylpyridines,
2-(o-tolyl)pyridine was also an effective substrate in the
sequential addition reaction to provide 4d in 61% yield. For
sterically unencumbered 2-phenylpyridine, the reaction tem-
perature was lowered to 90 °C to minimize the formation of
multicomponent products resulting from C—H activation at
the unencumbered second ortho site of the product 4e. In
addition to substrates containing the 2-pyridyl directing group
(4a—4e), other N-heterocyclic directing groups that are
commonly found in drugs were also effective such as
pyrimidine (4f), pyrazole (4g), and triazoles with different
connectivity (4h and 4i),'' although a 130 °C reaction
temperature or both the addition of AgB(C¢Fs), and reaction
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at 130 °C proved necessary for the less basic pyrazole and
triazole derivatives, respectively. Other directing groups, such
as amides, were unsuccessful in the sequential addition
reaction (see Chart S4 of the Supporting Information).

We next evaluated the diene scope and demonstrated that
diverse 2-substituted and 1,2-disubstituted dienes were
effective inputs. While 4 equiv of inexpensive isoprene had
been employed under our optimal conditions, for the more
substituted dienes we lowered the stoichiometry to 2 equiv
given their decreased volatility. More sterically hindered 2-alkyl
1,3-dienes such as the branched 2-cyclopentyl butadiene
coupled in good yield (4j). Importantly, 2-aryl butadienes
with varied electronic profiles proved to be successful in the
transformation (4k—40). This reactivity contrasts with
previously reported Rh(III)-catalyzed sequential additions of
C—H bonds to dienes and aldehydes™ or amidating reagents®
where only 1-aryl butadienes had been employed. Dienes with
chloro (41), methyl ester (4m), trifluoromethyl (4n), and
cyano (40) substituents were all effective inputs. However,
electron-rich 2-aryl butadienes such as the p-methoxy
derivative provided very poor conversion to the desired
product, which was obtained in <10% yield (not shown).

Access to additional product classes could be achieved by
utilizing 1,2-disubstituted dienes. For example, 4p and 4q were
prepared from 1l-aryl-2-methyl butadienes. Moreover, by
employing 1-vinyl cycloalkenes, products incorporating cyclo-
hexyl (4r), Cbz-protected piperidinyl (4s) and tetrahydropyr-
anyl (4t) ring systems were all obtained. Lastly, the chemical
feedstock butadiene was coupled in a modest though
synthetically useful yield to provide the f-methyl amine 4u, a
structural motif found in bioactive compounds.1 However,
skipped dienes provided little if any sequential addition
product under the standard reaction conditions (see Chart
S4 of the Supporting Information).

We also explored the incorporation of a variety of nitrogen-
substituents in addition to the N-toluenesulfonyl group. More
readily cleaved carbamate protecting groups, including Cbz
and Boc groups, could be installed using N,O-acetals"?
containing an acetate leaving group (4v and 4w), although it
was necessary to include the halide abstractor AgB(C4F;), with
toluene as the solvent.

Given that sulfonamides are found in many drugs,'* we next
evaluated N-sulfonyl formaldimine precursors to obtain
products incorporating arenesulfonamides with different
electronic properties as well as alkanesulfonamides. The parent
benzenesulfonamide (4x) and electron-rich p-methoxybenze-
nesulfonamide (4y) products were obtained in high yield from
the corresponding formaldimine precursors. However, the
electron withdrawing p-chloro (4z) and p-trifluoromethyl
(4aa) benzenesulfonamides were obtained in lower yield.
Alkanesulfonamide imine precursors were also effective inputs
providing 4ab and 4ac in good yields.

The reaction was further extended to the preparation of j3,f-
disubstituted @-amino esters by reaction of 3j, a precursor to
the N-Cbz imine from ethyl glyoxylate (Scheme 3)."” By
employing AgB(C4F;), as a halide abstractor and toluene as
the solvent, reaction with isoprene (2a) provided the f,5-
dimethyl a-amino ester 4ad in 48% yield. Three-component
coupling with 2-aryl butadienes provided a-amino ester
products 4ae—4ag in 46—65% yields and with high
diastereoselectivity (>95:5 dr). The relative stereochemistry
of the methyl and ester groups in 4af was rigorously
determined by X-ray crystallographic analysis,.16 The 1,2-

Scheme 3. Sequential Addition to Dienes and Aldimines”

R1
WRZ
A 2
| . [Cp*RhCl,], (5 mol %)
=N (2 equiv) NaOPiv (20 mol %)
+ AgB(CgFs5)4 (20 mol %)
AcO_NHCbz ™ 15 1uene (1.0 M)
110°C, 20 h
Me CO,Et
3
1a (2 equiv) 4
| X
_N
Me_ Me
N NHCbz
CO,Et
Me Me'
4ad, 48%° 4ae, 46%, >95:5 dr 4af, 65%, >95:5 dr
MeO,C
N

4ag, 51%, >95:5 dr 4ah, 50%, >95:5 dr®

“Isolated yield of pure material. bPerformed at 130 °C.

disubstituted diene 2h also coupled with very high
diastereoselectivity to give 4ah with the opposite relative
stereochemistry of the methyl and ester groups on the two
contiguous stereogenic centers. The observed high stereo-
selectivity is consistent with the previously reported Co(III)-
catalyzed sequential addition of C—H bonds to dienes and
aldehydes, which also proceeds through a syn p-hydride
elimination and reinsertion pathway (vide infra).”* The f,5-
disubstituted a-amino esters, which were prepared in a single
step using simple inputs, would be very difficult to synthesize
by alternative approaches.

We conducted a preliminary exploration of asymmetric
catalytic transformations (Scheme 4)."” Only two examples of
asymmetric catalytic Rh(III)-catalyzed C—H functionalization
to install an acyclic quaternary center had previously been
reported, and both relied on selective functionalization of
enantiotopic methyl groups.'® In contrast, for our sequential
addition approach, face selective diene addition is required.
After screening a variety of ligands and conditions (Tables S4—
S6), we found that use of Cramer’s elegantly designed Cp-
ligand'> Rh1 led to promising selectivity in the catalytic
enantioselective synthesis of f-quaternary amine products
using both pyridyl (4n, 4ai) and pyrazoyl (4aj, 4ak) directing
groups, as well as both sulfonamide (4n, 4aj) and carbamate
(4ai, 4ak) nitrogen substituents. However, given the
consistently low conversion to products 4, we did not
investigate the scope further.

Next, we conducted studies with isotopically labeled starting
materials to aid in the elucidation of the mechanism for the
sequential C—H bond addition to dienes and imines. When d;-
2-phenylpyridine (ds-le) was subjected to the standard
reaction conditions for a truncated reaction time of 2 h at
90 °C, 57% of the C—H bond substrate was recovered
(Scheme SA). Spectroscopic analysis revealed 47% H/D
exchange at the ortho positions, supporting a reversible C—
H activation step.

Terminally dideuterated isoprene (d,-2a) was also employed
to investigate the selectivity for 1,3-disubstitution across the
diene rather than the 1,2- or 1,4-addition patterns that are
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Scheme 4. Asymmetric Synthesis with Chiral Catalyst

CFs
FsC
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X._NHP Me
1 \/3 ”

4aj, 18%, 94:6 er
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“Isolated yield of pure material.

Scheme S. Deuterium Labeling Studies”

(A) Reaction with ds-1e supports the reversibility of C—H activation
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(B) Reaction of d,-isoprene supports B-hydride elimination and reinsertion

D Me 0, 0,
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Me™ 4a 3a Me dy-4a, 73%
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“Isolated yields of pure compounds reported.

typically observed for dienes (Scheme S5B).* Under the
reaction conditions, deuterium migration was observed to
one of the two methyl groups on the newly formed quaternary
center in d,-4a. This migration pattern is consistent with f-
hydride elimination and reinsertion steps to give the observed
1,3-selectivity (vide infra) and contrasts with an allylic C—H
activation step proposed for Rh(III)-catalyzed sequential C—H
bond additions to dienes and aldehydes.”” Deuterium loss
likely occurs by hydrogen—deuterium exchange from the
Rh(III)-hydride intermediate, which is facilitated by the
relatively acidic HFIP solvent (vide infra). It should be
noted that when the reaction was performed in toluene in the
absence of NaOPiv, less deuterium was lost (see Supporting
Information, section V).

We also sought to further probe the reaction mechanism
through the synthesis of hypothesized Rh(III)-intermediates

along the catalytic cycle. For the previously reported Co(III)-
catalyzed sequential C—H bond addition to butadiene and
aldehydes, a cobalt—allyl complex was characterized by X-ray
structural analysis and shown to serve as an intermediate along
the catalytic cycle.”® To investigate the analogy of our Rh(III)-
catalyzed transformation to the aforementioned Co(III)-
catalyzed reaction, 2-(m-tolyl)pyridine (1a), isoprene (2a),
stoichiometric amounts of [Cp*RhCl,], and AgB(CFs), were
heated in toluene resulting in isolation of the cationic Rh-allyl
species Sa (Scheme 6A).'® X-ray structural characterization

Scheme 6. Isolation of Rh(III) Intermediates”

(A) Synthesis of rhodacycle 5a via C—H addition into isoprene

X
N [CP*RNClyl, (0.5 equiv) —*
4 Me  AgB(CgFs)4 (2 equiv)
+ IR NG
N Toluene (0.1 M) Me
60°C, 16 h B
Me 4 2, Me B(C6Fs)a
1a (@ eaun) 5a, 42% isolated rhodacycle
(1 equiv)

i

J—Jr’(/{\f\

5a
(B) Synthesis of rhodacycle 6 via reaction of 5a and formaldimine precursors
7\ =
5a (1 equiv) =\’ Cp*
NaOPiv (20 mol %) ol P
- E ! Me
3a(P=Ts) 110 °C, 16 h _
3i (P = Ms) B(CgFs)s Me
(2 equiv)

6a (P =Ts),
24% isolated rhodacycle

6b (P = Ms),
30% isolated rhodacycle

“Isolated yield of pure material.

revealed a saturated rhodium complex with 77°-allyl binding. To
date, this is the first rhodacycle intermediate to be
characterized by X-ray crystallography from a reaction of a
Cp*Rh(III) catalyst, C—H bond reactant, and diene.

Rhodacycle Sa was then reacted with a stoichiometric
amount of BTM (3a) under the standard reaction conditions
to provide a second rhodacycle 6a corresponding to the 3-
component sequential addition product still bound to the
Cp*Rh(II) (Scheme 6B). Rhodium to alkene coupling was
observed by '*C NMR providing strong evidence for direct
coordination of the alkene to rhodium (see Supporting
Information, section XIII). Although we were not able to
obtain X-ray quality crystals of product rhodacycle 6a, the
corresponding product rhodacycle 6b with the smaller N-mesyl
in place of the N-tosyl group in 6a, readily formed crystals that
were characterized by X-ray structural analysis.'® The structure
defined tridentate coordination to rhodium via the pyridine
nitrogen, alkene, and deprotonated sulfonamide.
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To test the viability of rhodacycle 5a as a reaction
intermediate, 2-(m-tolylpyridine) (1a), isoprene (2a), and
BTM (3a) were coupled in the presence of catalytic amounts
of Sa (Scheme 7A). The 87% yield obtained using rhodacycle

Scheme 7. Mechanistic Studies with Rh(III) Intermediates”

(A) Rhodacycle 5a as the catalyst in the sequential addition reaction

‘ AS Me
_N W

+ 2a 5a (10 mol %)

(4 equiv) HFIP (1.0 M)

TsHN (__NHTs 110 °C, 16 h

Me ) 3a Me

a 2 equiv
(1 equiv) (2 equiv)

(B) Evaluating the equilibrium of Rh(lll)-allyl species 5a

HFIP (1.0 M)
110 °C, 16 h

Me

7 (possible structure), 12%

5a, 87%

“Yields determined by 'H NMR relative to trimethylphenylsilane as a
standard.

Sa as a catalyst was comparable to that observed under the
optimized conditions with [ Cp*RhCl, ], supporting rhodacycle
Sa as a competent intermediate along the catalytic cycle.

We were also interested in exploring the equilibrium
between the two Rh(III)-allyl species along the proposed
catalytic cycle (vide infra). Thus, we heated rhodacycle Sa to
110 °C in HFIP overnight and obtained 87% recovery of allyl-
complex Sa (Scheme 7B). We also observed 12% of a new
species by 'H NMR, which we tentatively assign as Rh(III)-
allyl complex 7, a necessary intermediate for obtaining the
observed product regioselectivity. However, we could not
separate the newly formed species from the more stable
rhodacycle 5a to enable more rigorous structural character-
ization.

For C—H bond amidation and for additions to imines,
mechanistic studies have established that amido-bound
rhodacycles undergo concerted metalation-deprotonation
with C—H bond substrates to complete the catalytic cycle
and release the product.'” We therefore hypothesized that
release of the product 4a from the product-bound rhodacycle
6a could be accomplished in the presence of excess C—H bond
substrate le in HFIP with heating [Scheme 8A(I)]. To our
surprise, we observed release of only 20% of the three-
component product 4a and only 11% of rhodacycle 8a with
much of the material remaining as product-bound rhodacycle
6a. Presumably, poor conversion is due to an unfavorable
equilibrium from the stable tridentate product-bound rhoda-
cycle 6a to product 4a and the less stable bidentate rhodacycle
8a. We therefore evaluated the reverse reaction by heating
rhodacycle 8b and product 4a in HFIP and observed a high
yield of product-bound rhodacycle 6a along with two
equivalents of 2-phenylpyridine (1e) [Scheme 8A(II)].

Based on the observed equilibration in the forward and
reverse directions, we performed density functional theory
(DFT) calculations to provide additional insight. Employing
the N-mesyl rhodacycle 6b, which we had also previously
isolated (see Scheme 6B), the computed free energies show
that 2-phenylpyridine and product-bound rhodacycle 6b are

12.7 kcal/mol lower in energy than the product 4ab and
rhodium complex 8b at 110 °C (Scheme 8A). These
calculations are consistent with our experimental observation
of minimal product release in the presence of C—H bond
substrate alone. Taken together, these results raise the question
of how catalyst turnover with release of product might be
achieved under the reaction conditions.

To reconcile catalytic turnover despite the unfavorable
equilibrium to product 4a and rhodacycle 8, product-bound
rhodacycle 6a was subjected to the reaction conditions in the
presence of both 2-phenylpyridine (1e) and isoprene (Scheme
8B). Almost complete conversion to product 4a and the stable
n-allyl rhodacycle 5b was observed with little remaining 6a.
Consistent with our experimental results, the calculated
equilibrium between product-bound rhodacycle 6b, 2-phenyl-
pyridine and isoprene favored n’-allyl rhodacycle Sb and
product 4ab by —3.7 kcal/mol at 110 °C. Although the
equilibrium between the C—H bond substrate and tridentate
product-bound rhodacycle 6 to give the product 4 and
bidentate rhodacycle 8 is unfavorable, with addition of
isoprene, the overall equilibrium to the product 4 and 7’
allyl rhodacycle $ is favorable due to the increased stability of
this tridentate and coordinatively saturated species. In contrast,
heating rhodacycle 6 in HFIP did not provide rhodacycle §,
perhaps because this conversion would require release of an
unstable formaldimine (see Section VIIf, Supporting Informa-
tion).

Based on the studies with the isolated Rh(III) intermediates
and isotope labeled starting materials, a mechanism is
proposed as shown in Scheme 8C. To enter the catalytic
cycle, reversible C—H activation by the Cp*Rh(III) catalyst via
concerted metalation-deprotonation occurs, facilitated by an
additional equivalent of C—H bond substrate with the 2-
pyridyl directing group.'® After coordination of the diene to I,
migratory insertion into the terminal carbon of the diene
occurs to form II Intermediate II then undergoes reversible
syn-B-hydride elimination and syn-reinsertion steps to yield a
second, less stable #7° Rh-allyl species IV. Imine addition via the
chair transition state V then provides rhodacycle VI. Finally,
the Rh-bound sequential addition product is released to give
product 4 through ligand exchange with another molecule of
C—H bond substrate to regenerate rhodacycle I, which upon
addition to the diene provides the more stable tridentate
rhodacycle 1L

DFT calculations were conducted to provide a more
complete picture of the relative energies of the Rh(III)
intermediates throughout the full catalytic cycle with 2-(m-
tolyl)pyridine (1la), isoprene (2a) and N-
(methanesulfonamidomethyl)methanesulfonamide (3h)
(Scheme 8D). Cationic rhodacycle A was set as the zero-
point of the energy profile. After olefin coordination of diene
2a to Rh(III) to give B, migratory insertion through TS-1 with
an energy barrier of 16.9 kcal/mol gives 7°-allyl rhodacycle Sa
in an overall exergonic event (—16.3 kcal/mol). From Sa, an
endergonic f-hydride elimination and reinsertion forms
isomeric allyl rhodacycle F (—10.1 kcal/mol) by traversing
TS-2a at 1.9 kcal/mol. Intermediate Sa is lower in energy then
the isomeric intermediates D, E, and F. These calculated
relative energies are consistent with the formation of Sa as a
stable and isolable species (Scheme 6A), and our observation
of minimal conversion of Sa to other isomeric species under
the reaction conditions (Scheme 7B). Interestingly, syn-f-
hydride elimination from Sa was calculated to have a
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Scheme 8. Mechanistic Investigation and DFT Calculations on the Relative Energy of Rh(III) Intermediates

(A.1) Percentage of reactants and products observed after equilibration of 6a and 2-phenylpyridine (1d)? (C) Proposed Catalytic Cycle for the Transformation
7\ -t '
=N_ Cp" o+ |
RK. TS X A ; Protodemetallation _
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= Me 410 °C,16h z R —R? \ '

X
— Rhi Me
B(CeFs), Ve S + L : (on ,
) - ! R! —R? 7 N\
6a (1 equiv), Ve NHTs B(CgFs)s : N NHTs —NH

49% remaining
Me, Me ‘ _N -t MRQ Migratory

+ N 4a, 8a,
1 (2 equiv) 7 keal/mol 20% formed 11% formed 2
equiv), DFT Calculation ; — ) 1 ¢
93% remaining ( ulation) : o _Cp \R Insertion
N

~
/

(A.Il) Percentage of reactants and products observed after equilibration of addition product 4a and 8b?

/N
X - =\’ Cp*
B N o R, TS
_N N HFIP (0.1 M) Me TN
R' —R? | RA 110 °C, 16 h %ZMe

N N, —————— ! R
| _ ~ B(CeFs)y Me }
N ‘a NHTs e PCh . AG =12.7 kcal/mol® 6a, ; Syn-p-Hydride
e . (CoFs)a (DFT Calculation) 85% formed : » Kapld
12% remaining 8b, + 1 Addition Elimination
<5% remaining 1e, ' Into Imine

95% formed
(B) Percentage of reactants and products observed after equilibration of 6a with 1e and isoprene (2a)?

AN
N>
4

+

Me N
_i= Me  HFIP (0.1 M) R' —R?

~ B(C4Fs)s Me 110 °C, 16 h S +

Me 3 Coordination
6a, <5% remaining ~ B(C4F. 3 of Imine
o\ (CeFs)a
1e (2 equiv), 4a, 5b, | TsHN NHTs
59% remaining 85% formed 64% formed ~
+

2a (4 equiv)

—= H” H

(D) Calculated Energy Landscape of Rh(lll) Intermediates®

AG (kcal/mol) TS N

15.9

6b
-16.2

5a
-16.3 Me

“Yields determined by 'H NMR analysis with trimethylphenylsilane as a standard. “Calculated for NMs analog and for L = 2-phenylpyridine at 110
°C. “DFT calculations were performed at the M06-D3/def2-TZVPP—SDD(Rh), SMD(HFIP)//B3LYP-D3/def2-SVP—SDD(Rh) level of theory.
Importantly, this reaction landscape shows only the relative energies of organometallic Rh(III) intermediates, which is in contrast to Scheme 8A,B
where the overall free energy is calculated by accounting for all the species that are present.

significantly lower barrier (18.2—18.8 kcal/mol) when it is reaction landscape was calculated to be the overall conversion
assisted by the pyridine moiety of the C—H bond substrate of rhodacycle 5a to 6b, which proceeded through TS-3 with an
(see Supporting Information section XB). In contrast, the syn- overall AG* of 25.8 kcal/mol, a magnitude consistent with the
P-hydride elimination barrier without pyridine assistance was experimental observation that the reaction required elevated

calculated to exceed 30 kcal/mol. This result indicates that the temperatures.
directing group, as exemplified by the pyridyl group, can play a We also performed selected transformations of reaction
key role in facilitating the overall transformation beyond its products 4 (Scheme 9). First, Pd-catalyzed hydrogenation of
function as the directing group for the C—H activation step. the alkene in 4a under acidic conditions provided 9. Subjecting
Coordination of the Rh(III) center to in situ formed imine 4a to strong acid promoted cyclization to the N-Ts protected
G (H, 4.4 kcal/mol) and addition into the imine through TS-3 pyrrolidine 10 in excellent yield. An in situ generated low
at 9.5 kcal/mol gives isolated rhodacyle intermediate 6b valent titanium species was then employed to accomplish
(=162 kcal/mol). The highest kinetic barrier across the reductive cleavage of the N-tosyl group from 10 to provide the
18130 https://doi.org/10.1021/acscatal.4c05866
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Scheme 9. Product Derivatizations”

(A) Hy, PdIC (10 W %)

TFA (10 equiv)
/ MeOH, rt, 40 h
‘ A Me
N
Me_ Me
N NHTs ‘ =
N
~
PN
Me Me
4a N\ (B)H;80, Me
rt,5h Me
(C) Mg dust (5 equiv), Ti(OiPr)4 (1.5 equiv), C 10 (P = Ts), 86%
TMSCI (1.5 equiv), THF (0.125 M), 50 °C, 24 h 11 (P =H), 82%

X Cbz
| N N
7 (D) H,S0,4

N NHTs NH

rt,3h

Me 4s Me 12, 43%

“Isolated yields of pure compounds reported.

free secondary amine 11 in good yield.”* Treatment of cyclic
product 4s with H,SO, resulted in concomitant cleavage of the
Cbz group and cyclization to provide privileged spirocycle 12,
with the free piperidine nitrogen available for further
elaboration.

B CONCLUSIONS

In summary, we have reported the first sequential addition of
arene C—H bonds to dienes and formaldimines formed in situ
to obtain aminomethylated products with quaternary centers at
the S-position. A broad scope was established for substituted
dienes and formaldimine precursors. We further demonstrated
coupling to the N-Cbz aldimine derived from ethyl glyoxylate
to provide p,pB-disubstituted a-amino esters with high
diastereoselectivity. Thorough mechanistic studies were
performed and included the isolation of new rhodacycle
intermediates and investigation of key steps in the catalytic
cycle to provide insight into the equilibria between these
rhodacycle species and the three inputs in the reaction. DFT
calculations supported these experimental observations and
provided further insight on the transition state structures and
energies for key steps in the catalytic cycle, including that the
directing group plays a role beyond initial C—H activation.
Collectively, these findings could have broad implications for
the development of transition metal-catalyzed sequential C—H
bond addition reactions as well as other multicomponent C—H
functionalization reactions.

B MATERIALS AND METHODS

All information pertaining to the materials and methods used
in this study is provided in the Supporting Information.
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