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ABSTRACT: We report the intramolecular 1,n-aminoboration for the simultaneous synthesis of aza-heterocycles with distal carbon—boron

bonds. Pd-catalyzed remote 1,n-aminoboration occurs with 1,2-disubstituted alkenes; upon aminopalladation of the olefin, chain-walking gen-

erates the terminal Pd-alkyl intermediate which selectively undergoes Fe-catalyzed borylation. Terminal bishomoallylic amines, amides, carba-

mates, and ureas afford the borylated pyrrolidines and lactams through 1,2-aminoboration. Forty-one examples of 1,n-borylated heterocycles

are presented with yields up to 92% yield. Derivatization of the products is explored: cross-coupling, amination, and oxidation to access unnat-

ural amino alcohols and acids.

INTRODUCTION

Nitrogen-containing heterocycles, particularly pyrrolidines, are
widely prevalent in natural products, agrochemicals, and pharma-
ceuticals due to their biological activity."> Alkylboron reagents are
versatile intermediates for synthetic chemistry and are important
carboxylic acid isosteres. Methods for accessing molecules contain-
ing both of these valuable moieties are highly desirable, especially if
these methods allow for the rapid synthesis of 1,n-borylated aza-het-
erocycles (n > 2) (Scheme 1a).? Intramolecular alkene aminobora-
tion is a powerful and efficient strategy to simultaneously generate
the aza-heterocycle and selectively install the boron handle. Re-
cently, significant advances in intramolecular aminoboration have
been reported.® While robust, these methods require either toxic re-
agents (i.e. BCly) or pre-oxidized amine/oxime substrates and are
limited to generating o-borylated N-heterocycles. To our
knowledge, no report has been made on the remote aminoboration
to synthesize distally borylated aza-heterocycles.

Palladium-catalyzed intramolecular aminopalladation/function-
alizations are well-precedented for the generation of N-heterocycles
and an adjacent functionality.® The borylation of Pd"-alkyl interme-
diates with Bypin; has attracted significant interest for the synthesis
of C**-B bonds; these reactions are generally promoted by Lewis
bases.” Recently, Kochi reported a remote diborylation, cyclization
of dienes with a cationic Pd"-catalyst. In this reaction, they take ad-
vantage of the chain-walking ability of Pd" and find that the cationic
catalyst undergoes selective transmetalation with Bypin; at the least
hindered, terminal Pd-alkyl intermediate (Scheme 1b). Subse-
quently, we reported the Markovnikov selective Pd- and Fe-cocata-
lyzed aminoboration of unactivated terminal alkenes. Under our
conditions, the Fe catalyst serves as a halophilic Lewis acid which
generates a cationic Pd-alkyl intermediate that rapidly undergoes
borylation.” Notably, we do not observe any chain-walking under
these conditions: likely due to the formation of the terminal Pd-alkyl
bond upon aminopalladation.' Given the importance of aza-hetero-
cycles and the synthetic versality of alkylboranes, we envisioned a

reaction which utilizes Pd to promote an intramolecular amino-
palladation and subsequent borylation to generate 1,2-aminoborati-

Scheme 1. Strategies for borylation via Pd catalysis
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-on products. Moreover, we hypothesized that upon aminopallada-
tion, internal alkenes may undergo isomerization to generate a ter-
minal Pd"-alkyl intermediate prior to reaction with Bopin, (Scheme
1c)."! In this context, we could use simple bishomoallylic amines to
form the N-heterocycle and install a distal boronic ester in a single
step—aremote 1 ,n-aminoboration reaction.



Table 1. Reaction development.?

o 5 mol % Pd(MeCN),Cl,

50 mol % [Fe] Q 0 0.
NHTs 50 mol % Additive NTs NTs NTs
- - Bpin*t +
Z*Me 4 equiv Bypin, Me Bpin
Me 5AMS, O,, DMA Me Me Me
60 °C, 24 h
1a 2a 2a’' 3a
Entry  [Fe] Additive  Solvent  2a’(%)® 3a(%)®
1 Fe(OTf). - DMAS® 36 13
2 Fe(OTf). "BusNI DMA <1 3
Fe(OTf
3 eOT0: g NBr DMA 16 11
4 Fe(OTf). “BwNCl DMA 54 45
S FeClL, - DMA SS 45
6 FeCl . Dioxane 38 <1
7 FeCl - THF¢ 59 7
8 FeCl, - DME 76 (61) 3

“Conditions: 1a (0.1 mmol), PdA(MeCN),Cl; (5§ mol %), FeCl,
(50 mol %), B2pin, (4 equiv), 5 A molecular sieves (MS) (40 mg),
1,2-dimethoxyethane (DME) (0.33 M), and O, (1 atm), 60 °C, 24
h. ®GC yields determined using 1-methylnapthalene as an internal
standard. °N,N-dimethylacetamide. (DMA) “Tetrahydrofuran
(THF). “Isolated yield.

RESULTS AND DISCUSSION

We began our initial efforts towards the development of an 1,n-
aminoboration reaction with our previously reported conditions us-
ing Pd(MeCN),Cly and Fe(OT¥): as co-catalysts (Table 1, entry 1)
and la to promote unidirectional chain-walking. Gratifyingly, we
observed a promising 36% yield of 2a” along with 13% of aza-Wacker
side product 3a. We posit that 3a forms after 3-hydride elimination
from dissociation of the [Pd]-H, rather than reinsertion into the
C=C bond. Notably, 1,2-aminoboration product 2a is not detected.
Halide additives are known to help with catalyst turnover in aerobic
oxidations and promote migratory insertion."” Therefore, we specu-
lated that the addition of a halide source may improve reactivity and
selectivity by facilitating chain-walking. Indeed, upon the addition of
50 mol % "BusNCl to the reaction mixture, we observed a significant
increase in overall reactivity (99% combined yield of 2a’ and 3a), un-
fortunately, at the expense of selectivity as 2a’ and 3a are formed in
a 1.2:1 ratio. Replacing the Fe co-catalyst with FeCl, leads to com-
parable reactivity. Remarkably, upon varying solvents with FeCl,, we
observed that ethereal solvents promote the desired aminoboration
reaction over the aza-Wacker process; using DME as the solvent dra-
matically improves the selectivity towards the aminoboration prod-
uct while maintaining the desired reactivity. Under our optimized
reaction conditions, 2a’ is afforded in 76% in situ and 61% isolated
yield as a single regioisomer. Notably, no protodeborylation is ob-
served under the reaction conditions.

With the optimized conditions in hand, we next explored the re-
action scope for the remotely borylated heterocycles (Table 2).
There is a notable discrepancy between many of the in situ and iso-
lated yields; we attribute this to the high affinity of alkyl organobo-
ranes for silica gel and significantly complicating column

chromatography (see SI). In general, trisubstituted alkenes display
excellent reactivity and selectivity for 1,3-aminoboration, as distally
borylated lactams 2a’ and 2b’ are isolated in 61 and 86% yield, re-
spectively. 1,2-disubstituted alkenes also participate, as y-borylated
lactam 2¢” is isolated in 48% yield. Adding gem-diphenyl substitu-
ents on the backbone improves the reactivity and affords 2d” in 57%
yield. Other heterocycles are accessible, as oxazolidone 2e’ is ob-
tained in 37% yield along with unreacted starting material. Unfortu-
nately, pyrrolidine 2f is formed in low yield due to poor conversion
and preferential formation of aza-Wacker product (3f) (see SI).
Gratifyingly, trisubstituted alkene 1g proves to be a superior sub-
strate, as 2g’ is isolated in 61% yield. Moreover, despite its steric hin-
derance, tetrasubstituted alkene 1h participates to afford 2h’ in 50%
yield (3.2:1d.r.).

Chain-walking can be extended to the 8-carbon to afford the 1,4-
aminoboration product 2i” in 64% yield and corresponding pyrroli-
dine 2j” in 71% yield. As the alkyl chain is further extended (R' =
"Pr), 1,4- and 1,5-aminoboration products 2k” and 2k™ are both
formed in 49% combined yield as 3.3:1 mixture of regioisomers.
This preference for the formation of the secondary boronic ester
over the primary suggests that the rate of borylation is impacted by
proximity to the sterically hindered heterocycle as well as the substi-
tution of the Pd-alkyl. Similarly, 1,6- and 1,7-aminoboration prod-
ucts are observed with 11in a modest 26% yield (2.4:1 r.r.).

Given the moderate regioselectivities observed in 1,n-aminobora-
tion when n > §, we hypothesized that selective stabilization of the
Pd-alkyl intermediate, as a -benzyl, may generate secondary ben-
zylic boronic esters. Indeed, the distal borylation is not limited to the
formation of primary alkyl boronic esters; 2m’-2r”” are obtained in
very good yields. Interestingly, lactam 2m’ and pyrrolidine 2n’ are
formed in 58% and 68% isolated yield, respectively, with drastically
different diastereoselectivites (1.2:1 and >20:1). This is despite both
substrates, 1m and 1n, being transalkenes (>20:1 E/Z). Monitoring
the reaction over time, we observed no epimerization of 1m and the
diastereomeric ratio of 2m’ is constant over the course of the reac-
tion (see SI). Combined, these results suggest that there is a lack of
stereospecificity which may be caused by competing cis- and trans-
aminopalladation by the N-tosylamide (Table 2b)."* The less acidic
1n, may undergo selective cis-aminopalladation as 2n’ is formed as a
single diastereoisomer (Table 2b). Moreover, the diastereoselectiv-
ity for the pyrrolidines 2n’, 2p”, and 2r”” decreases as the chain ex-
tends for increasingly distal borylation. With 1,3-aminoboration,
there is a significant A"*-strain difference between the E and Z al-
kenes which inhibits the formation of the Z alkene, and thus Pd stays
on the initial face and 2n’ is formed in high d.r. (>20:1). However,
as the chain becomes longer, the strain difference decreases with
each subsequent B-hydride elimination, allowing epimerization to
occur, and resulting in reduced diasteroselectivities for 2p” and 2r””.
While aminopalladation is likely still occurring in a stereoselective
fashion, Pd" migrates from one face of the chain to the other during
B-hydride elimination when both the E and Z alkenes are energeti-
cally accessible. Importantly, we no longer observed mixtures of re-
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gioisomers even with extended chains, as shown with lactam 2q
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and pyrrolidine 2r’”. Finally, we observed that up to 1,10-aminobo-
ration is possible, as 2s” is formed in 11% yield: with low yield result-

ing from competitive aza-Wacker and olefin isomerization.

Interestingly, subjecting terminal alkene 1t, which could undergo



Table 2. Scope of chain walking products

—— a) 1,n aminoboration®®

)I$ 5 mol % Pd(MeCN),Cl, X,
2 . 50 mol % FeCl )
TsHN )\/\/\HR + B,pin, hd 2 NTs
R! n 5AMS, O, DME ) Bpin
1.0 equiv 4.0-6.0 equiv 60°C, 24 h R
X=0,H 2a’-2u’
(0] (0] O, O, (0]
NTs NTs NTs NTs }‘NTS NTs
) ) ) Ph ) O\/\\/\ ) O\/\
M Bpin Bpin Bpin PH Bpin Bpin Bpin
e
Ph
23’: 61% (76%)° 2b’: 86% 2¢’: 48% 2d’: 57% 2e’: 37% 2f': < 10%
O,
. : i Bpin
’ Bpin Bpin Q\/\,Bpm )
Bpin
Me Me Me Me Me Me Ve M Bpin
29" 61% 2h’: 50% 2i”: 64% 2j”: 71% 2k” 2k’
d.r. 3.2:1 d.rr. 1.2:1 49%,rr. 3.3:1
o) o 0 Q
NTs NTs NTs Ph NTs Ph NTs
Bpin - . Q\/iB . Bpin
i in in
Me Me Me n Me P Me P Me h
2w 26%, r.r 2.4:1 2 2m’: 58% (84%)° 2n’: 68% 20": 77%
o, .1 2.4: o dr. 1.2:1 d.r. >20:1 dr. 1:1
O,
NTs NTs Ph NTs Ph NTs
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(0] 5 mol % Pd(MeCN),Cl, fe) o) O,
| % FeCl NHTs .
TsHN X+ Bypin, 50 mol % FeCly Me > <:><\;'}|—f—/8pln -
5AMS, O, (1 atm) A Bpin

DME, 60 °C, 24 h [Pd]
___________ 1_‘______________f‘;q?_‘1“_“_’_______________________________________'_'?___________________________z_t:'_”_qt_‘_”?§‘?(‘{‘9_‘_’___,___,___?3'_:_”1@%_,___,___,_
o 5 mol % Pd(MeCN),Cl,
. 50 mol % FeCl,
TsHN X+ Bopimg
5 AMS, O, (1 atm) Bpm
DME, 60°C, 24 h 2u": 19% 3u": competitive side products

(PdI=H )W L, ‘tk/w\/ J
TSHN o

Tsolated yields. "Reaction conditions: 1a-1u (0.1-0.2 mmol), Pd(MeCN ),CL, (5 mol %), FeCl, (50 mol %), Bspin, (4-6 equiv), 5 A MS (40
mg), DME (0.33 M), and O (1 atm), 60 °C, 24 h. “GC yield determined by comparison to an internal standard.

intramolecular 1,2-aminoboration to afford the six membered y-lac- lactam 2¢’. This result indicates that there is a significant kinetic pref-
tam, leads to the exclusive formation of distally borylated §-lacam. erence for S-membered ring formation under these conditions,
2t in 46% yield instead. We hypothesized that this formation is due which necessitates olefin isomerization. In an extreme example of
to olefin isomerization of the internal alkene (I-t), followed by the this, when dodec-11-enamide lu is subjected to the reaction condi-

Pd catalyzed 1,3-aminoboration to afford the five-membered §- tions, only the five-membered aminoboration products (2u’) are



Table 3. Scope of borylated lactams and pyrrolidines

— a) 1,2 aminoboration®®

5 mol % PdCl, X\
A\
X . 20 mol % Fe(OTf), (;N\i/
2PNy .
RHNTSNZ Y 10 mol % LiOAc Bpin
) . 5AMS, O,, DMA
1.0 equiv 3.0 equiv 60 °C, 24 h 2t - 2ap
(0] O (0] O O
NTs th NbT\s/ NTs NTs
Bpin Bpin Bpin Me Bpin Ph Bpin .., ,Bpin
PN P o
Ph
2v: 82% 2w: 75% 2x: 46% (49%)° 2y: 61% (64%)° 2z: 80% 2aa: 59%
dr. 1.5:1 d.r. 1.7:1 d.r. >20:1
O, \ /“‘w/f 0 O,
N A O>\§ Nt NTs
O, 1 BPIN (‘/ NTs N Bpin Bpin \\
< - BnN\)\,Bpin
Cy f / Bpin

2ab: 32% (62%)° 2ac: 53% (73%)° 2ad: 32% (66%)° 2ae: 35% (71%)° 2af: 37% (81%)°
d.r. >20:1
[ Q Ph/ \'® '
; Bpin
i u \O /l ‘O Ph
Eé\ e Me Me 2
Bpin Bpin Bpin Bpm
2ag: 46% (83%)° 2ah: 66% 2ai: 28% (44%)° 2aj: 33% (85%)° 2ak: 54%9 (65%)° 2al: 92%¢ 2am: 48%°
dr. 1:1
r—b) Improving reactivity of simple pyrrolidines
[ TS, __pg ] 0, CF3 CN
o] standard conditions o NI NTs bT\s
WLNHTS s Bpin 2
1v - 5 - 2v: 82% 3v: 5% N= II\O E%i us‘\o
- - TS Py - NTs Bpin Bpin
ST standard conditions N H O\,Bpin @\\\
5" 2ao0, 42%° (72%)° 2ap, 34%9 (45%)°
1an 2an, 7%%(19%)°  3an, 21%° 3a0, 2%° 3ap, 10%°

Tsolated yields. "Reaction conditions: 1v-1aj (0.2 mmol), PACL (5 mol %), Fe(OTf), (20 mol %), LiOAc (10 mol %), Bspin, (3 equiv), S A
MS (40 mg), DMA (0.33 M), and O (1 atm), 60 °C, 24 h.  'H NMR or GC yield determined by comparison to an internal standard. ‘1ak-1ap
(0.2 mmol), Pd(MeCN):Cl (§ mol %), Fe{OTf), (50 mol %), B;pin, (4 equiv), benzoquinone (20 mol %), 5 A MS (40 mg), 1:1 DMA:PhMe
(0.33 M), and O; (1 atm), 80 °C, 24 h. “1ak (0.2 mmol), Pd(MeCN ),Cl (5 mol %), Fe(OT£), (50 mol %), Bspin, (4 equiv), 5 A MS (40 mg),

1:1 DMA:PhMe (0.33 M), and O, (1 atm), 80 °C, 24 h.

observed in 19% yield as a mixture of regioisomers. Aza-Wacker and
olefin isomerization products (3u’) are also formed over the course
of the reaction.

With the success of terminal olefins in our reaction conditions and
given the synthetic utility of ai-borylated heterocycles, we sought to
further expand our scope to achieve 1,2-aminoboration (Table 3).
Under slightly modified conditions (see SI), namely using Fe(OTf),
as the Lewis acid additive and catalytic amounts of base (LiOAc or
K,CO:s), a variety of a-borylated N-heterocycles are generated. Sim-
ple lactam 2v can be obtained in an excellent 82% yield. Substitution
along the carbon backbone is well tolerated; a,0.-disubstituted am-
ides readily participate in the reaction and afford 2w and spirocyclic
2xin 75% and 46% yield, respectively. Moreover, mono-substituted
substrates afford 61% yield of 2y and 80% yield of 2z, with modest
diastereoselectivities (1.5-1.7 d.r.). Substituents B to the carbonyl
have been reported to improve the diastereoselectivity in compari-
son to o, as they are directly adjacent to the newly formed stereocen-

er.' Indeed, 2aa and 2ab are formed with significantly improved

diastereoselectivities (>20:1). Of note, trans-diastereomer 2ab
forms exclusively, as confirmed by x-ray crystallography. Interest-
ingly, analogues of urea, which are biologically prevalent motifs* un-
dergo the desired aminoboration in good yields (2ac-2ad) and pro-
vide access to diverse heterocycles. Moreover, the borylated isoin-
dolinone derivative 2ae can be formed in a synthetically useful 35%
isolated yield (71% in situ). Various substituents on the sulfonamide
protecting group are tolerated (2af-2aj). The low yield for 2ai is at-
tributed to low conversion of the starting material, likely due to a de-
creased rate of aminopalladation with this weaker nucleophile '* To-
syl-protected bishomoallylic amines containing 1,1-disubstiuted al-
kenes, which upon aminopalladation lack a fB-hydrogen, proved
again to be superior substrates. For example, 2ak which forms a
tetrasubstituted carbon, is afforded in 54% yield. Increasing the
Thorpe-Ingold effect on the olefin backbone yields 2al in an excel-
lent 92% isolated yield. The more hindered, trisubstituted internal
olefin affords 2am in 48% yield and 1:1 d.r. In addition to being un-
der modified reaction conditions, this loss in selectivity suggests that



Table 4. Mechanistic Insights and synthetic utility of 1,n-aminoboration products

— a) Control reactions

o 5 mol % PdCl,
20 mol % Fe(OTf),

eqt: NHTs + Bpin, ——— 2 b\,Bpin
= 10 mol % LiOAc

5 é}"f‘g DMA 2v:0, (1 atm): 83%
inert cond. (N,): 1%
air instead of O,: 3%

1v 3.0 equiv

5 mol % Pd(MeCN),Cl,
50 mol % FeCl,

5AMS, Oy, DME
60 °C, 24 h

b\/\Bpin

2a' not detected

(6]
2 NTs  + Bapin,
' >

3a 4.0 equiv

— b) Synthetic utility?

—c) Scale up reaction

vi. oxidation

NTs Bpin
7]
R

v. reductive elimination

T L
N Pdl_
R iv.transmetalation T

Bpin—X B,pin,

o) o 5 mol % PdCl,
NTs <204 NTs L BN NHTs + g, _20m0l % Fe(OTN), b\/
. n i
OH  Hy0p THF Bpin TmeoN BF K P A T G mol % LioAG Bpin
5 A MS, DMA
7: 69% 2v 8: 66% 60 °C, 24 h, O.
? ° v4mmol 3.0 equiv 2 2v: 0.94 g, 58% (86%)°
NTs Bpin NTs B(OH),
NalO, C}\/l CrO3 Q\/l\ — d) Effect of olefin diastereomer
—_—
Me THF:H,0 Me AcOH:H,O  Me o}
2g’ 9: 67% TSHN P Me standard conditions - NTs
Bpin
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C‘)E/\ el CN}T\S/\ 1t': E/Z 3.6:1
Bpin T CsonH0 Ph
Me Dioxane, H,0 Me ——(E)}1t' —o—(2)-1t' —a=21
2g’ 10: 20% 100
[0
lo) 80
__Cu(OAc), _ =NTs ph 5 "
Bpin ©/ aiteroutyl Neye g ®
peroxide Me g :g
c
2i" 11: 50% T ao
o) 20
Ph NTs naphthalene 0
0
PH Bpin D BP'” 0 5 10 15 20 25 30 35 40
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2w 16%, 12:13; 1.0.7
— e) Proposed Mechanism
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“See SI for detailed reaction conditions. "In-situ yield determined in comparison to internal standard.

the more hindered alkene is undergoing competitive cis and trans-
aminopalladation. Simple pyrrolidine 1lan performed poorly in the
aminoboration reaction: only 19% in situ yield of 2an is observed
along with significant aza-Wacker and olefin isomerization side
products (21% combined yield). Comparing the chemoselectivity
between pyrrolidines and lactams, we hypothesized that transition
state S is higher in energy than 6, due to it being a more electron-
deficient tosylamide rather than a tosylamine. This slows B-hydride

elimination relative to borylation. With tosylamine lan, the &*

charge formed during 3-hydride elimination is better stabilized in 6,
thus B-hydride elimination is now faster relative to borylation. We
hypothesized that a more electron-deficient protecting group should
improve chemoselectivity. Indeed, replacing the tosyl protecting
group with para-trifluoromethylbenzenesulfonamide (1ao) or para-
cyanobenzenesulfonamide (1ap) dramatically improves the prod-
uct selectivity: 2a0 and 2ap are formed in 72% (42%) and 45%
(34%) in situ (isolated) yield, respectively. With these substrates,
less than 10% aza-Wacker or olefin isomerization products (3ao and



3ap) are observed. Unfortunately, a similar strategy proved unsuc-
cessful in the 1,3-aminoboration with 1f derivatives (see SI). More-
over, other protecting groups, e.g. benzamide, lead to considerably
decreased yields along with unreacted starting material for 1,n-ami-
noboration (see SI).!°

Our substrate scope demonstrates good functional group toler-
ance, as aryl halides (2ah and 2ai), nitriles (2aj and 2am), trifluoro-
methyl groups (2al), and pendant olefins (2ad) are tolerated. To
further explore the functional group tolerance of this aminoboration
we conducted arobustness screen.'” Various heteroatom-containing
functionalities such as carbazole, benzamide, acetanilide, benzo-
nitrile, benzofuran, benzothiophene, and alkyl chloride were toler-
ated under the reaction conditions; basic nitrogens, alkynes, and ox-
ygen-sensitive functionalities were less stable (see SI).

Control reactions showed that 1 atm O, is essential to promote
catalyst turnover, as reactions ran under N or air only afford trace
amounts of the aminoboration product (eq 1, Table 4a). Moreover,
to confirm that the reaction is not proceeding through hydrobora-
tion of the aza-Wacker product, we subjected 3a to the reaction con-
ditions with Bapina; product 2a’ was not observed (eq 2, Table 4a).

We also demonstrated the synthetic utility of the aminoboration
products by derivatization of the alkyl boronic esters (Table 4b).
The corresponding amino alcohol 7 can be obtained in good yields
over two steps without purification of the borylated intermediate 2v.
The boronic ester motif can be transformed to the bench stable
BF:K salt 8 in 66% yield. Deprotection of the boronic ester 2g’ and
subsequent oxidation affords the unnatural amino acid derivative 9
in 67% yield. Moreover, it can undergo Suzuki-Miyaura cross-cou-
pling to obtain 10 in synthetically useful yields. Cu-catalyzed amina-
tion of 1,4-aminoboration product 2i” affords 1,4-diamine 11 in
50% vyield. Finally, we demonstrate that sodium naphthalene suc-
cessfully removes the tosyl-protecting group to afford 12 and 13 in
16% combined yield under reported conditions.”® Additional at-
tempts for deprotection are summarized in the SI. The aminobora-
tion reaction can also be scaled up to obtain 0.94 g of the borylated
lactam 2v (Table 4¢).

As some of our starting materials are a mixture of E/Z olefin iso-
mers, we were interested in determining the impact of diastereo-
meric ratio on reactivity. We subjected internal olefin 1t’ (E/z
3.6:1) to our reaction conditions (Table 4d), and monitored the
consumption of the diastereomers relative to product formation. In-
terestingly, we observed the (E)-olefin reacting rapidly, while the
(Z)-olefin remains unreacted after 40 minutes. This indicates that
under our conditions, the E isomer undergoes faster aminopallada-
tion.

From our observations and previous mechanistic investigations %
we propose the following mechanism: (i.) Pd" undergoes amino-
palladation with the internal bishomoallylic amine, (ii.) followed by
rapid chain-walking to generate the distal Pd-alkyl species by a series
of B-hydride elimination/re-insertion process.”? Then, (iii.) Lewis
acid-catalyzed halide abstraction by Fe' leads to the cationic Pd-al-
kyl species, which can (iv.) undergo borylation to afford the Pd-
boryl species. Upon (v.) reductive elimination, the distally borylated
heterocycle is generated and, finally, (vi) Pd’ is oxidized by O
and/or Fe'" to regenerate Pd" (Table 4e).

Given the importance of S-membered aza-heretocycles, we have
developed an aerobic Pd-catalyzed method for the formation of

distally and proximally borylated N-heterocycles directly from bish-
omoallylic amines. A variety of 1,n-borylated lactam and pyrrolidine
derivatives are readily formed in good to excellent yields utilizing the
chain-walking capability of Pd". The synthetic versatility of our
products is demonstrated. With the excellent selectivity observed for
borylation of primary alkyl-palladium intermediates via chainwalk-
ing, our future efforts will focus on the development of additional re-
mote nucleoboration reactions.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS
Publications website. Experimental Procedures, Characterization
Data, Annotated NMR spectra (PDF)

MNova FID Files (zip file)

This material is available free of charge via the Internet at

http://pubs.acs.org.

Accession Codes

CCDC 2327006 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

AUTHOR INFORMATION

Corresponding Author

Kami L. Hull — University of Texas at Austin, Austin, Texas
78712, United States; orcid.org/0000-0003-3102-2686;
Email: kamihull@utexas.edu

Authors

Shreeja Bhatt — University of Texas at Austin, Austin, Texas
78712, United States; orcid.org/0000-0003-3262-2894

Aja M. Nicely — University of Texas at Austin, Austin, Texas
78712, United States; orcid.org/0009-0003-3812-4113

Camila U. Powell — University of Texas at Austin, Austin, Texas
78712, United States; orcid.org/0009-0007-6545-8548

Malaina E. Huff — University of Texas at Austin, Austin, Texas
78712, United States

Sadie B. Thibodeaux — University of Texas at Austin, Austin,
Texas

78712, United States

Ya-Nong Wang — University of Texas at Austin, Austin, Texas
78712, United States; orcid.org/0000-0002-5838-3855

Serhii Vasylevskyi — University of Texas at Austin, Austin, Texas
78712, United States; orcid.org/0000-0001-6219-6051

Author Contributions

#S.B. and A.M.N. contributed equally to this work. All authors have
approved the final version of the manuscript.

Funding Sources



This work was supported by the NSF (2155133 ), the Welch Foun-
dation (FG-2016-6568), Novartis, Eli Lilly, and the University of
Texas at Austin.

ACKNOWLEDGMENT

The authors thank Dr. Jongdoo Lim and Dr. Ian Riddington from
the Mass Spectrometry Facility at the University of Texas at Austin
for their assistance in characterizing and analyzing the compounds.
Also, they thank Dr. Scott Smith and Dr. Garrett Blake from the
NMR Facility at the University of Texas at Austin.

REFERENCES

(1)  (a) Vitaku, M. E.; Smith, D. T; Njardarson, J. T. Analy-
sis of the Structural Diversity, Substitution Patterns, and Fre-
quency of Nitrogen Heterocycles among U.S. FDA Approved
Pharmaceuticals. J. Med. Chem. 2014, 57, 10257-10274. (b)
Marshall, C. M.; Federice, J. G.; Bell, C. N.; Cox, P. B.; Njardar-
son, J. T. An Update on the Nitrogen Heterocycle Compositions
and Properties of U.S. FDA-Approved Pharmaceuticals (2013-
2023). J. Med. Chem. 2024, 67, 11622-1165. (c) Ertl, P; Alt-
mann, E.;; McKenna, J. M.; The Most Common Functional
Groups in Bioactive Molecules and How Their Popularity Has
Evolved over Time. J. Med. Chem. 2020, 63, 8408-8418.

(2)  (a) Lovering, F. Escape from Flatland 2: complexity
and promiscuity. Med. Chem. Commun. 2013, 4, 515-519. (b) Li
Petri, G.; Valeria Raimondi, M.; Spano, V,; Holl, R.; Barraja, P.;
Montalbano, A. Pyrrolidine in Drug Discovery: A Versatile Scaf-
fold for Novel Biologically Active Compounds Anticancer and
antibacterial agents. Top. Curr. Chem. 2021, 379, 34. 1-46. (c)
Van Zandt, M.; Jagdmann, G. E. Preparation of Boronates as Ar-
ginase Inhibitors. W02012058065. 2012-05-03. (d) Shue, H-J.;
Chen, X.; Shih, N-Y,; Blythin, D. J; Paliwal, S;; Lin, L.; Gu, D;
Schwerdt, J. H.; Shah, S.; Reichard, G. A.; Piwinski, J. J.; Duffy, R.
A.; Lachowicz, J. E.; Coffin, V. L.; Liu, F.; Nomeir, A. A.; Morgna,
C.A.; Varty, G. B. Cyclic Urea Derivatives as Potent NK; Selective
Antagonists. Bioorg. Med. Chem. Lett. 2005, 15, 3896-3899.

(3)  (a) Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross
Coupling Reactions of Organoboron Compounds. Chem. Rev.
1995, 95, 2457-2483. (b) Boronic Acids: Preparation and Appli-
cations in Organic Synthesis and Medicine, 1. Repr.; Hall, D. G.,
Ed.; WILEY-VCH: Weinheim, 2006. (c) Li, X.; Hall, D. G. Syn-
thesis and Applications of p-Aminoalkylboronic Acid Deriva-
tives. Adv. Synth. Catal. 2021, 363,2209-2223.

(4)  Issaian, A.; Tu, K. N,; Blum, S. A.; Boron—-Heteroatom
Addition Reactions via Borylative Heterocyclization: Oxybora-
tion, Aminoboration, and Thioboration. Acc. Chem. Res. 2017,
50,2598-2609.

(5) () Voss, T; Chen, C.; Kehr, G.; Nauha, E.; Erker, G.;
Stephan, D. W. Cyclizations via Frustrated Lewis Pairs: Lewis
Acid Induced Intramolecular Additions of Amines to Olefins and
Alkynes. Chem. Eur. J. 2010, 16, 3005-3008. (b) Chong, E.;
Blum, S. A. Aminoboration: Addition of B-N ¢ Bonds across C-
CnBonds. . Am. Chem. Soc. 20185, 137,10144-10147. (c) Yang,
C-H.; Zhang, Y-S.; Fan, W-W,; Liu, G-Q; Li, Y-M. Intramolecular
Aminoboration of Unfunctionalized Olefins. Angew. Chem., Int.

Ed. 2015, 54, 12636-12639. (d) Yang, C-H.; Han, M.; Li, W;;
Zhu, N,; Sun, Z.; Wang, J.; Yang, Z.; Li, Y-M. Direct Intramolecu-
lar Aminoboration of Allenes. Org. Lett. 2020, 22, 5090-5093.
(e) Zheng, D.; Jana, K.; Alasmary, F. A.; Daniliuc, C. G.; Struder,
A. Transition Metal-Free Intramolecular Radical-Aminoboration
of Unactivated Alkenes. Org. Lett. 2021, 23, 7688-7692. (f) Sa-
kae, R.; Hirano, K.; Miura, M. Ligand-Controlled Regiodivergent
Cu-Catalyzed Aminoboration of Unactivated Terminal Alkenes.
J. Am. Chem. Soc. 2015, 137, 6460-6463. (g) Zhang, Y.; Wu, X-
E. Copper-catalyzed Borylative Cyclization of ,5-Unsaturated
Aromatic Oxime Esters to (Borylmethyl)pyrrolidines. Org
Chem. Front. 2020, 7, 3382-3386.

(6)  Wolfe, J. P. Palladium-Catalyzed Carboetherification
and Carboamination Reactions of y-Hydroxy- and y-Aminoal-
kenes for the Synthesis of Tetrahydrofurans and Pyrrolidines.
Eur. J. Org. Chem. 2007, 4, 571-582. (b) Alexanian, E.J.,; Lee, C.;
Sorensen, E. J. Palladium-Catalyzed Ring-Forming Aminoacetox-
ylation of Alkenes. J. Am. Chem. Soc. 20085, 127,7690-7691. (c)
Chemler, S. R.; Bovino, M. T. Catalytic Aminohalogenation of
Alkenes and Alkynes. ACS Catal. 2013, 3, 1076-1091.

(7)  (a) Liu, Z;; Ni, H--Q; Zeng, T,; Engle, K. M. Catalytic
Carbo- and Aminoboration of Alkenyl Carbonyl Compounds via
Five- and Six-Membered Palladacycles. J. Am. Chem. Soc. 2018,
140, 3223-3227. (b) Bai, Z.; Zheng, S.; Bai, Z.; Song, F.; Wang,
H.; Peng, Q.; Chen, G.; He, G. Palladium-Catalyzed Amide-Di-
rected Enantioselective Carboboration of Unactivated Alkenes
Using a Chiral Monodentate Oxazoline Ligand. ACS Catal. 2019,
9, 6502-6509.

(8) Kanno, S.; Kakiuchi, F; Kochi, T. Palladium-Catalyzed
Remote Diborylative Cyclization of Dienes with Diborons via
Chain Walking. J. Am. Chem. Soc. 2021, 143, 19275-19281.

(9)  Gay,B.L.; Wang, Y-N.; Bhatt, S.; Tarasewicz, A.; Cooke,
D.J; Milem, E. G.; Zhang, B.; Gary, J. B.; Neidig, M. L.; Hull, K.
L.; Palladium and Iron Cocatalyzed Aerobic Alkene Aminobora-
tion. . Am. Chem. Soc. 2023, 145, 18939-18947.

(10) (a) Ney, J. E.; Wolfe, J. P. Selective Synthesis of 5- or 6-
Aryl Octahydrocyclopenta[ b]pyrroles from a Common Precur-
sor through Control of Competing Pathways in a Pd-Catalyzed
Reaction. J. Am. Chem. Soc. 2005, 127, 8644-8651. (b) Fiorito,
D.; Scaringi, S.; Mazet, C. Transition Metal-Catalyzed Alkene
Isomerization as an Enabling Technology in Tandem, Sequential
and Domino Processes. Chem. Soc. Rev. 2021, 50, 1391-1406.
(c) Wu, Z.; Meng, J.; Liu, H.; Li, Y.; Zhang, X.; Zhang, W. Multi-
Site Programmable Functionalization of Alkenes via Controllable
Alkene Isomerization. Nat. Chem. 2023, 15, 988-997. (d) Li, Y;
Yin, G.; Nickel Chain-Walking Catalysis: A Journey to Migratory
Carboboration of Alkenes. Acc. Chem. Res. 2023, 56, 3246-
3259. (e) Lyu, M.-Y.,; Morais, G. N; Chen, S.; Brown, M. K. Ni-
Catalyzed 1,1 and 1,3-Aminoboration of Unactivated Alkenes. J.
Am. Chem. Soc. 2023, 145,27254-27261.

(11)  (a) Larock, R. C.; Wang, Y,; Lu, Y.; Russell, C. A.; Syn-
thesis of Aryl-Substituted Allylic Amines via Palladium-Cata-
lyzed Coupling of Aryl Iodides, Nonconjugated Dienes, and
Amines. J. Org. Chem. 1994, 59, 8107-8114. (b) Nelson, H. M,;
Williams, B. D.; Mird, J; Toste, F. D. Enantioselective 1,1-



Arylborylation of Alkenes: Merging Chiral Anion Phase Transfer
with Pd Catalysis. J. Am. Chem. Soc. 2015, 137, 3213-3216. (c)
Jeon, J.; Ryu, H,; Lee, C.; Cho, D.; Baik, M.-H.; Hong, S. Site-Se-
lective 1,1-Difunctionalization of Unactivated Alkenes Enabled
by Cationic Palladium Catalysis. J. Am. Chem. Soc. 2019, 141,
10048-10059. (d) Li, Y.; Wu, D.; Cheng, H.-G.; Yin, G. Difunc-
tionalization of Alkenes Involving Metal Migration. Angew.
Chem., Int. Ed. 2020, 59, 7990-8003.

(12) () Carrow, B. P;; Hartwig, J. F. Ligandless, Anionic, Ar-
ylpalladium Halide Intermediates in the Heck Reaction. . Am.
Chem. Soc. 2010, 132, 79-81. (b) Kohler, D. G.; Gockel, S. N.;
Kennemur, J. L.; Waller, P. J,; Hull, K. L. Palladium-Catalysed
Anti-Markovnikov Selective Oxidative Amination. Nat. Chem.
2018, 10, 333-340. (c) Bhatt, S.; Wang, Y.-N.; Pham. H. T. P;
Hull, K. L. Palladium-Catalyzed Oxidative Amination of a-Ole-
fins with Indoles. Org. Lett. 2022, 24, 5746-5750.

(13) Kotov, V.; Scarborough, C. C; Stahl. S. S. Palladium-
Catalyzed Aerobic Oxidative Amination of Alkenes: Develop-
ment of Intra- and Intermolecular Aza-Wacker Reactions. Inorg.
Chem. 2007, 46,1910-1923.

(14) () Yang, Q; Ney, J.E.; Wolfe, J.P. Palladium-Catalyzed
Tandem N-Arylation/Carboamination Reactions for the Stere-
oselective Synthesis of N-Aryl-2-benzyl Pyrrolidines. Org. Lett.
2005, 7,2575-2578. (b) Joosten, A; Persson, A. K. A.; Millet, R.;
Johnson, M. T.; Bickvall, J.-E. Palladium(I1)-Catalyzed Oxidative
Cyclization of Allylic Tosylcarbamates: Scope, Derivatization,
and Mechanistic Aspects. Chem. Eur. J. 2012, 18, 15151-15157.
(c) Weinstein, A.B.; Schuman, D.P; Tan, Z.X.; Stahl, S.S. Synthe-
sis of Vicinal Aminoalcohols by Stereoselective Aza-Wacker Cy-
clizations: Access to (-)-Acosamine by Redox Relay. Angew.
Chem.,, Int. Ed. 2013, 52, 11867-11870.

Ts Pd/Fe NHTs Pd/Fe Ts
N Bopiny Bypiny N Bpin
Bpin *——— — gﬁv
R=H X-R R=alkyl
n>2
* 41 examples

« up to 1,10-borylated heterocycles generated
* up to 92% yields
« synthetic utility explored

(15) White, P. B;; Stahl, S. S. Reversible Alkene Insertion
into the Pd-N Bond of PA(II)-Sulfonamidates and Implications
for Catalytic Amidation Reactions. J. Am. Chem. Soc. 2011, 133,
18594-18597.

(16) Lorion, M. M,; Duarte, F. J. S.; Josécalhorda, M. J;
Oble, J.; Poli, G. Opening the Way to Catalytic Aminopallada-
tion/Proxicyclic Dehydropalladation: Access to Methylidene y-
Lactams. Org. Lett. 2016, 18,1020-1023.

(17) Collins, K. D.; Glorius, F. A Robustness Screen for the
Rapid Assessment of Chemical Reactions. Nat. Chem. 2013, S,
597-601.

(18) Ito, T.; Takenaka, H.; Homma, H.; Harada, S.; Nemoto,
T. Stereoselective Construction of Fused Cyclopropane from
Ynamide and its Applications to Synthesis of Small Drug Candi-
date Molecules. Tetrahedron Lett. 2021, 70, 1-S.

(19) (a) Hilton, M. J.; Xu, L.-P; Norrby, P.-O.; Wu, Y.-D,;
Wiest, O.; Sigman, M. S. Investigating the Nature of Palladium
Chain-Walking in the Enantioselective Redox-Relay Heck Reac-
tion of Alkenyl Alcohols. J. Org. Chem. 2014, 79, 11841-11850.
(b) Sommer, H.; Julid&-Hernandez, F.; Martin, M.; Marek, I. Walk-
ing Metals of Remote Functionalization. ACS Cent. Sci. 2018, 4,
153-165. {c) Hamasaki, T.; Aoyama, Y.; Kawasaki, J.; Kakiuchi,
E; Kochi, T. Chain Walking as a Strategy for Carbon-Carbon
Bond Formation at Unreactive Sites in Organic Synthesis: Cata-
lytic Cycloisomerization of Various 1,n Dienes. ] Am. Chem.
Soc. 2015, 137,16163-16171.

(20) Subjection of deuterated substrates to the reaction con-
ditions show that deuterium is retained from starting material to
products (See SI).



