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*Canada Research Chair in Green Catalysis and MetalProcesses

ABSTRACT: A combined experimental and density functional patational study was used to probe the mechanignthfo
reduction of indoles using simple borane BBIMS (DMS = dimethyl sulfide). Experimental and qmutational studies all steer to
the formation of the reduced species 1,Bitlolines as the resting state for this reactamppposed to the historically presumed
formation of the unreduced 1-Bthdoles, before the addition of a proton sourcétm the final product indolines. Furthermore,
it was observed that moleculay Was generated and consumed in the reaction. Catigng put forward hydroboration followed
by protodeborylation as the very reasonable meskianbute for the formation of experimentally oh&sl major intermediate 1-
BH, indolines. For the FHlconsumption in the reaction, computations sugtesfrustrated Lewis pair-type heterolytic spligtiof

H, by a bis(3-indolinyl)borane intermediate.

INTRODUCTION

The reduction ofN-H indoles to indolines has been an ubiquitous the heterocyclic chemistry perspectiveHydroboration of
reaction within the organic chemistry community @t be done  enamines using boranes, leading to vicinal amirebes, at
using either transition metal catalysisr simple stoichiometric ambient and low temperature is well documeritéur recent
reduction using hydroboran@s-or the latter, borohydrides such exploration of the reactivity of ambiphilic aminaloes and
as NaBH, NaBH,(CN) or boranes, mostly on the form simple hydroboranes toward N-protected indolessealed that
BHs-Lewis base, were employed along with a proton source. hydroboration of indoles takes place when an edectrvithdraw-

Reduction of indoles using borohydrides in the eneg of a ing group (EWG) is present at the N-position, legdio for-

proton source was commonly presumed to proceedrviadole- mation of air and moisture-sensitive 3-boryl indeliintermedi-
nium ion, by protonation of an indole substratdlofeed by the ates (Scheme 1c). These unstable intermediates irapped
addition of a hydride, leading to the desired im®l(Scheme using HBpin, which led to stable 3-Bpin indolin&ecent studies

1a)?*°The same reaction using boranes, eithetsBr BH,-base, on the reactivity of boranes without any hydridésituent to-
was postulated to proceed via the 1.Bhblole intermediate, ward N-protected indoles and enamines also showed compell
formed through dehydrogenative coupling of an ahiB-N com- evidences for a strong interaction between boranesthe C3 of
plex (BHy-indole) (Scheme 1B5¥. This intermediate subsequently indoles and enaminésWith this fresh understanding on the reac-
abstracts a proton and a hydride in sequence to foe final tivity of protected indoles with a variety of boemand the avail-

indoline. While the latter mechanism for the redrctof indoles ability of new trapping techniques and modern imsientations,
using boranes seems reasonable, indoles were Hemegarded we report herein our exploration of the reactivifyunprotected
to exhibit enamine reactivity from indoles with catalytic and stoichiometric amount sifnple hy-
a) droboranes (Scheme 1d), and the various mechapiss&ibilities

% NaBH; (or) NaBHs(CN) @—) @_} for this deep-rooted reduction reaction.

RESULTS AND DISCUSSION
Catalytic reactions. In analogy to our previous report on the

BHs-catalyzed borylative dearomatization of 1l-arylsoyfoin-
@_) (i) BHs-base @_) @_) @_) doles! we looked at the effect of a catalytic quantitybafrane
BT dimethyl sulfide complex (BMS, 5 mol%) in presenck the
H BH3 unprotected parent indole and 2 equiv of pinacalber(HBpin).
When the reaction was carried out under strict miage condi-
Bpin tions either at room temperature (RT) for 16 hta8@&°C for 3 h,
@j @_X @_X 1-Bpin indoline a) was observed along with ~1 equiv of unre-
HBpln acted HBpin (Scheme 2). This result is surprisimges the ex-

SOzAr SOzAr SOzAr pected 1,3-diboryl indoline, which should form Hyettandem
BHs-catalyzedhydroboration of the alkene part of the pyrrolegrin

R and dehydrogenative N—B coupling, was not observed.
S~
N HBpln N
BHZ Bpin V4 HBpin BMS (5 mol%) Qj
Scheme 1.Previously established mechanistic pathways (a-t) fo (0.2 mmol) CDCl3

N o N
reaction of protected and unprotected indoles wittirdlyoranes, and H 60°C,3h é )
this current work (d) of a proposed reaction pathwayHe reduction (1a, 0.1 mmol) _ _ 2 pin
of indoles using hydroboraneBMS = trihydridoborane dimethyl- ~ Scheme 2Reduction of indole using HBpin in the presenceata-
sulfide complex. Iytic BMS. BMS = trihydridoborane dimethylsulfidemplex.



The reduction of the aromatic C(2)-C(3) moietywm tchemically
inequivalent methylene units in produza was apparent from
NMR spectroscopy, where tHél NMR spectrum showed two
triplets ats 3.06 and 3.78 and tHEC(APT) spectrum unambigu-
ously showed two negative phase signalg 20.6 and 47.1''B
NMR spectroscopy and mass spectrometry also cornfieniden-
tity of 2a. Other unprotected indoles that bear synthetiasigful
functionalities on the benzene ring, as shown ihegwe 3, pro-
vided similar results. Substrates such as 7-fluedole (Lm) and

7-methyl indole Ln), however, led only to a moderate conversion,

and no catalytic reaction was observed with 2,3etlityl indole
(10) and 1,2,3,4-tetrahydrocarbazoligp)® While most of the 1-
Bpin indoline products were formed quantitativehyeir purifica-
tion by means of crystallization or column chrongaéphy was
not possible because of their facile hydrolysisdieg to the
formation of indoline derivatives. Formation of biB indoline
derivatives is also viable through dehydrogenatiwapling be-
tween unprotected indolines and HBpin in the presef catalyt-
ic amount of BMS. Albeit, the use of indoles to form such prod-
ucts can be ideal in the perception of atom econ@sythis syn-
thetic route accumulates no by-product.

R. =
Q—> BMS (5 mol%) \\ /
+ HBpin CcDCh

60°C, 216 h N
fan) 2(a-r) Bpin
....................... e
| | I
Bpin Bpin Bpin
2a, > 99% 2b, > 99% 2c, 98%

b Ln O

Bpin
X=F;2d, 97%
X =Cl; 2e, > 99%
X =Br; 2f, 96%

Bp|n
X=F; 29, > 99%
X =Cl; 2h, 98%
X =Br; 2i, > 99%

Ly L0

Bp|n
2j, 97%

O.N

N
Bpin Bpln Bpln
2k, > 99% 21, 98% 2m, 75%
; ) :w: ‘ :w:
Bpln Bpin Bpin
2n, 43% 20, no reaction 2p, no reaction

Scheme 3.Reduction of various indoles using HBpin and cai@ly
BMS, with conversions obtained froftd NMR (referenced from
corresponding unreacted indole derivative) spectroscopy.

Stoichiometric reactions.To gain some mechanistic insight into
how this catalytic reaction occurs, indole was tedawith differ-
ent molar ratios of BMS at different temperaturesl aeaction
time in J. Young NMR tubes. The reaction conditiansl results
of these reactions are displayed in Table 1. Widydiv of BMS,
the indole substrate disappeared completely afterfmur at RT.
Nevertheless, the reaction was incomplete asHrend''B NMR
spectroscopy reveal that a substantial amount tfasted BMS
was present in addition to the indoline-Bebmplex 8a), molec-

ular H,, 1-BH, indoline (presumably in its dimeric fords), and
diindolinyl boraneba (entry 1).

Table 1. Outcomes of the reaction of indole with few differequiv-
alents of BMS at different temperature.

% CDCls Q—> :Z > n N
\ TEMS ———= BuS +

B,
H y h H 'BH,
1a 3a %
entry laBMS x y BMS 3a 4a 5a
0 () (%)* (%) (w)*
1° 1:1 RT 1 45 8.5 2 28
2 1:1 6C 2 25 0 44 31
3 1.2 6C 2 19 0 7€ 5
4 1:.0.5 60 2 0 0 %5 94

3 The percentage is based &8 NMR integration.” The percentage
mentioned is for the amount of boron atoms andagetd on monomeric
species 4a’) instead of the dimeric specids, which would be half®
Based on théH NMR integration, some amount of, i present in solu-
tion.

Heating the same solution to 60 °C for 2 h resuited decrease
of the proportion of BMS, complete disappearancehefindo-
line-BH; complex 8a) and molecular b} and appearance of
speciesda in major proportion and speciém in a significant
proportion (entry 2J° With 2 equivalents of BMS at 60 °C after 2
h, speciegla was observed as the major species (entry 3). ©n th
other hand, under the same reaction conditions vitlt 0.5
equivalent of BMS, the formation of specks was observed in
majority (entry 4). Since indoline-BHcomplex 8a) is only ob-
served at room temperature, it becomes obviousithatan in-
termediate that transforms to the more stable %-Btoline @a).
Furthermore, comparison of the last two reacti@rdries 3 and
4) with entry 2 suggests that disproportionatiom take place
where specieda can form5awith a concomitant release of BMS.
The extent of the disproportionation depends orsthighiometry
of BMS used in the reaction. This relation is impat when
looking at the catalytic transformations in Sche3ngince a 20:1
ratio of indole to BMS should favor the presencenélogues of
5a rather than specie$a. In all cases, we did not observe any
evidence of the presence of species L-Bidole, although we
cannot definitely confirm that it cannot exist imdetectable
concentrations.

Next, in an attempt to understand the generatfof-Bpin
indoline Ra), a stoichiometric amount of HBpin was added ® th
mixture of 1-BH indoline @a) and diaminoborane5§) arising
from the 1:1 reaction between indole and BMS. Tigiaction
resulted in complete disappearance of the diamirast®ospecies
5a and appearance of produga at RT after 16 h (Scheme 4).
Surprisingly, only a small portion of major specéswas con-
sumed, even at elevated temperature (60 °C). btiegly, it
suggests that higher yields ®fare expected under catalytic con-
ditions where a deficiency of BMS will be preseelative to the
parent indoles.

Revisiting the mechanism of indole reduction using@Hs solv-
ates. Reduction of unprotected indoles to indolines gsanstoi-
chiometric amount of BHTHF and the mechanistic details of this
reaction have been studied half a century ago tyngit et af?

In their study, formation of the species 1-Biddole was postu-
lated as the resting state (Scheme 1b). Furtherritosas report-
ed that the establishment of this resting

state accompanies a stoichiometric amount ofilb¢ration. Last-
ly, to obtain the final indoline product a preregijté for a
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H o1 2h (_@
1a 4a 5a
0,
(44%) (31%)
@_) HBpin
1 equiv
+BMS + 4a (1 equiv)
N (35%) (28%) RT,16h
Bpin or
2a (37%) 60°C, 2 h

Scheme 4 Reaction sequence for the transformation of indolé-
Bpin indoline using stoichiometric BMS and HBpin.

stoichiometric amount of a proton source, such athamol,

which involves in protonation of the 1-BHhdole intermediates,
was mentioned. While their mechanistic proposatrsetgical,

our experimental observations as mentioned in tegigus sec-
tion for the reaction between indole and BMS eviljediverges

from their mechanistic proposal. Some of our experital infer-

ences include formation of the reduced species 1-BHoline

(44) without addition of any external proton source generation
of minor amount of KHin the reaction.

Due to the disparity between the previous andecirexperi-
mental outcomes from the reaction of indole withgdie hydrobo-
ranes, a further mechanistic scrutiny for this tieads warranted.
For this purpose, DFT computations at thB97XD/6-31g(d,p)
level of theory were performed and are discussatérfollowing
sections.

Computed dehydrogenative coupling route vs hydrobation
route. Computations were first aimed at comprehendinthé
dehydrogenative N-borylation of indoles occurstfies proposed
by Schmidt and coworkef8.In line with their proposal, the for-
mation of 1-boryl indole intermediat&( and H from indole and
BMS is thermodynamically favorable G = -14.6 kcal/mol;
Figure 1, red and green lines). However, in contragheir hy-
pothesis, the formation of initial N-B complekl) from indole
and BMS is less favored as this step is endergbic9.1
kcal/mol. Moreover, formation of the postulated cps 1-BH
indole (2) and H from reactants via a direct dehydrogenative
coupling transition stateTS(1-2), green line), as proposed by
Bertrandet al. for the dehydrocoupling of primary and secondary
amines with HBpirt! is kinetically inept as the G* is 30.7
kcal/mol. This barrier is too high to support theperimental
reactivity at RT or 60 °C. Alternatively, the Bldssisted dehy-
drocoupling transition stateT§(1-2)", red line), as evidenced
previously by Shore et al. for the dehydrogenatieepling of
amine-borane¥ is kinetically favorable compared to the previous
route, as the transition state holds a barrier &8 Zcal/mol.
Nevertheless, both processes are significantly énigh energy
compared to the hydroboration of indole, which hasansition
state (TS) barrier of 19.6 kcal/mol. As expectéed syn addition

of H and BH groups at C2 and C3 position, respectively, igkin
ically more favored over the addition of boron ta C2 position

( G" =23.0 kcal/mol).

Pathways for the formation of 1-BH, indoline (4a) from 3-BH,
indoline intermediate (14). As the hydroboration route seems
favored, we explored next the possible pathwaygeoerate 1-
BH, indoline intermediated@) from the 3-BH indoline

3.0 2N ma | AN :
"0 | AG (keal/mol) o BHs 202 Ly
- ALY TET m
N’ s . H B
3.0 N (26.3) ~H
I ) % H " H
18.0 - e , !
= (12.9) T5(34) o | HH |
wo| Ay BSOS N 0
% PN
8.0 N T Y HNY
F n = : i Yl
3.0 BHy-DMS _:f (9.1) & % HEn
—_— b g (-1.5) B!
2.0 R o HH H Oy—
S AN = = A
T (0.0) ) i &
] 1z |
-12.0 H BH3 (-14.6) =
17.0 o

Figure 1. Computed dehydrogenative coupling routes (greenreahd
lines) for formation of 1-Bkl indole, and the hydroboration route
(black line) to furnish 3-Bklindoline intermediate.

intermediate 1@). For this purpose, it was first considered for
speciesl4 to undergo a bimolecular protodeborylation process
leading to formation of indoline and 1,3-di-BHndoline @;
Scheme 5, first step). As we have initially obsdrtlee species
indoline-BH; complex Ba) from the stoichiometric reaction
conducted at RT (see Table 1, entry 1), we nexpesgd that
Lewis basic indoline can coordinate with the unteddBMS to
form 3a. From this species, two pathways were conceivedhi®
formation of the observed 1-BHndoline @a). In the first path-
way, species3a reverses back to give indoline, which in turn
reacts with 1,3-di-BH indoline @) through a protodeborylation
transition state to afford only speciéa (Scheme 5, pathway a).
In the second pathway, the indoline-BEbmplex3a undergoes
either direct or Bitassisted dehydrogenative coupling to furnish
2aalong with equimolar amount o, iScheme 5, pathway b).

B, 5
H OH  — ey ~H
H H BH |,
NH A
H.B
14
a b
l -BMS1L+ BMS
HoB i
2D
N
P 3a H BH;
Ho /
N | '
O | L
NOH
l N (on) H B-H| *A
H. BH, Lo
L/ HoOH
H g
T P
) !
BH: |,
4a
Qj + Hy+A
N
BH: |,
4a

Scheme 5 Conceived pathways for the formation of 1-BiHdoline
(4a) from 3-BH indoline intermediate 14). Pathway a involves
protodeborylation, and pathway b entails Btémplexation followed
by dehydrocoupling.
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Figure 2. Computed different mechanistic pathways for the foromatdf resting stateda using the hydroborated intermediaté.

From the analysis of the computed free energy leréér these
two pathways (Figure 2), the pathway a (black litiha)t involves
protodeborylation is slightly favored over pathwhy(red and
green lines) that encompasses the dehydrogenatwplicg
processes. For pathway a, the protodeborylatign fsten indo-
line-BH; complex B8a) was rate limiting (G* = 23.1 kcal/mol,
stepl8 to TS(9-10). For pathway b, the Bfassisted dehydro-
coupling step from specie3a was rate limiting (G* = 24.5
kcal/mol, sted8 to TS(8-11)). Since the rate limiting barriers of
both pathways are only 1.4 kcal/mol apart from eatfer, the
BHs-assisted dehydrocoupling route of pathway b shdugd
considered as kinetically competitive to pathwa¥lasis phenom-
enon clarifies how a minor amount of ias generated from the
reaction of indole with BMS. The facile hydrobomatiof indole
by BMS, and the succeeding deborylation processteedormed
3-BH, indoline intermediate to furnish the observed 1,Bhtio-
line species 4a) clearly demonstrates that no external proton
source is needed for the reduction of indole. The finctionali-

ty of indoline or 3-BH indoline serves as an internal proton
source. Experiments carried out using 1-D indade aupport this
view, as the deuterium atom was transferred exahisto the C3
of 1-BH, indoline product (see Figure S7 in the Supplemgnta
Material).

Pathways for formation of 1-BH, indoline (4a) via the #-
indole-BH; complex (6a).As another possible pathway for the
formation of 1-BH indoline @a) from indole and BMS, a tauto-
meric switch of indole from itsH form to 3H form, followed by

coordination of it to BH of BMS, and subsequent rearrangements 5
to the desiredla was considered (Scheme 6). Indoles are general-g

ly known to exist in two tautomeric formsHiland 3.2 The
equilibrium is dependent on the nature of the stuestts on
indoles and the pH of the solution. For exampla]k&xy indoles
were reported to predominantly exist

Scheme 6A pathway conceived for the formation of 1-Biddoline
(44) from indole and BMS vial3-indole-BH; complex 6a).

in their 3H tautomeric formt?* The spontaneousHito-3H tauto-
meric switch was also observed for certain indaleder aqueous
conditions'® To ascertain the extent by which this tautomerism
contributes to the formation of the observed spetéefrom the
reaction between indole and BMS, the spontaneouditaipm
between the two tautomeric forms of selected irglalere com-
puted. From the results listed in Table 2, only &tmxy indole
was shown to spontaneously exist in it orm (entry 1). For
other derivatives, the equilibrium lies far towattieir IH form,
although with different endergonic energetics (estr2-10).
Therefore, presumably none of the indoles we exadhiexperi-
mentally may undergo a spontaneous switch to 8teitautomer.

Table 2 Computed free energy difference (in kcal/mol) between
selected H-indoles and their 3H-indokautomers.

Ryl— Ry =
L, -,
entry substrate G (kcal/mol)
1 2-methoxy-H-indole -1.6
2 1H-indole 8.6
3 5-methoxy-H-indole 6.1
4 5-fluoro-H-indole 8.4
5-chloro-H-indole 8.9
5-nitro-H-indole 10.1
7 6-fluoro-H-indole 8.7
8 6-chloro-H-indole 9.1
9 6-nitro-H-indole 10.7
10 4-chloro-H-indole 8.6

Whereas severalHtindoles may not undergo spontaneous
tautomerization, Resconi and coworkers have derratest that
in the presence of a strong Lewis acidic boran€¢BY), various
indoles can be converted téi3ndole-B(GFs); complexes® The
computed thermodynamics for the formation of thé-iBdole-
B(CsFs); complex from H-indole and B(@Fs); shows that this



step is exergonic by 10.3 kcal/mol. The analogaaisutations

using boranes, BMS and BAHF, and H-indole disclosed that
the formation of Bl-indole-BH; complex 6a) is exergonic as well
( G =-2.7 and -3.7 kcal/mol, respectively). Thessults have

driven us to continue exploring the mechanistichpatys for the

rearrangement of speciéato 1-BH, indoline @a).

The step going frona to 4a was exergonic with aG of -25.3
kcal/mol (Figure 3; stefl3 to 114). However, the barrier for this
step through a direct 1,3-hydride shift from boranC2 was
found higher (G' = 28.5 kcal/mol; red line). Interestingly, the
BHs-assisted transition state lowered the barrier deavrl9.6
kcal/mol (black line). Despite the fact that th&-hydride shift
step from stagél3 to 114 to form the ultimate 1-Bkindoline
(4a) seems feasible both thermodynamically and kinkicthe
formation of the Bl-indole-BH; complex 6a) from 1H-indole
and BMS appears to be less possible. This stepdhran initial
B-N adduct [12) formation followed by the DMS-assisted 1,3-
proton shift from nitrogen to C3 appears kinetigatiaccessible
as it expresses a barrier of 34.8 kcal/mol (ttst fivo mechanistic
steps of Figure 3). Hence, if an alternative loeeergy pathway
exists to reach -indole-BH; complex 6a) from 1H-indole and
BMS, then this whole mechanistic pathway shoulctdmesidered
as a competing route to the first proposed hydatim/self
protodeborylation route, but none was found infwamds.

T5(12-13]

AG (keal/mol) Loy

3H-Indale

(s.6)

BH;-DMS

(4a)
Figure 3. Computed mechanistic pathways for rearrangementief 3
indole-BH; complex 6a) to 1-BH; indoline @a).

Pathways for consumption of H. One important experimental
feature of the stoichiometric transformation was ¢onsumption
of initially evolved minor dihydrogen towards geagon of 4a
and 5a. For the investigation of mechanistic pathways or
consumption, two pathways were considered (Schémi the
first pathway (pathway a), the monomeric fori') of 3-BH,
indoline intermediatel4) was viewed as an intramolecular vicinal
frustrated Lewis pair (FLP), where the Lewis addthe borane
and the Lewis base is the nitrogen of indoline.skaied Lewis
pairs,17 both intra- and intermolecular varieties, are \idenown

to activate the H-H bond of molecular hydrod&Repo demon-
strated that a similar BHcontaining aminoborane can reversibly
activate dihydrogeff® As a result, the specié& was anticipated
to cleave molecular Hand afford a zwitterion intermediatid §),
which may subsequently transform to the indoline;Bidmplex
(3a) through a self protodeborylation process. Ingbeond path-

way (pathway b), the 3-BHindoline intermediatel4) initially

hydroborates another indole substrate and formsséw®ndary
borane [18). This thought came from the fact that severahexa
ples of di-hydroboration by treating Bihase with over 2 equiv

of alkenes, including cyclic
H k3
B-H OBH,
Q| —~ Ot =00y
Nx,H’ N N
H H

HN
H

a
BHy 4, / N N
B, H H BH;
H\B,H g 116 3a

N
H w N
NH % N HN
SIS
H

14 H B B-H
N N
H H 18
D D
N o -

¥
—

Scheme 7 Pathways for the consumption of generatgdrHthe
reduction reaction. Pathway a involves Eleavage by 3-BH
indoline (4'), and pathway b involves j+tleavage by the dial-
kylboranel20.

olefins, and 1-arylsulfonyl indoles have been poasly report-
ed!® In the next step of pathway b, the secondary teia8
cleaves Hin a similar fashion as that 64 and forms the zwit-
terion 119, which may further transform to the indoline-3-BH
indoline complex IR0) by a self protodeborylation process. For
pathway a, the computed structure of the monon®Bei, indo-
line intermediateld’) is displayed in Figure 4a. The structure of
this species indeed exhibits an important propefiytramolecu-
lar frustrated Lewis pairs, which is the right otition of the
Lewis acid center to the non-bonding orbital of thewis basic
center. The distance between the two Lewis ceofdtss species
was found to be 3.073 A, which is optimal for eradpl H-H
activation?® For comparison, its closed forri{(-closed), with a
strong B-N interaction (Ry = 1.761 A), was optimized (Figure
4b), and found that this species is 10.3 kcal/mghér in energy
than its open form. Our computational attempts nabéee H-H
activation by specieBt’- open form disclosed that there are two
thermodynamically less favorable steps involvedhis process
(Figure 5, red line): (i) formation of theecomplexI15, and (ii)
formation of

a) b) ; 9 5
& e
~ 1 s Tt = N W s M2}
P N o g 2 i T 0
4 ’ B T

Figure 4. DFT optimized structures of: (&4’ -open, (b)I4’-closed,
and (c) double hydroborated bordi@. Selected distances (A) and
angles (°) fori4’-open, B-N = 3.073, B-C-N = 100.98}’ -closed, B-
N =1.761, B-C-N = 53.8918, B-N1 = 3.186, B-C-N1 = 105.66.
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Figure 5. Computed mechanistic pathways for the consumptiogen

zwitterion 116 through splitting of H, with an overall TS barrier
of 27.7 kcal/mol. Thus, foreseeing intermediteas an FLP to
split H, is less promising. Alternatively, in the secondhpay
(pathway b), the diindolyl borane intermediéi® lies relatively

in a favored position at the free energy scale (&8l/mole),
which is only slightly endergonic G = 4.3 kcal/mol) from the 3-
BH, indoline intermediatel4). The hydroboration energy barrier
for this step to establish speciEi$ is also achievable G* =
22.0 kcal/mol) under RT or 60 °C. The optimizedusture of
speciesl18 and its selected structural parameters are shown i
Figure 4c. As shown in this structure, this spediplays the
required orthogonal geometry around the Lewis gsrtie act as
an intramolecular FLP for Hsplitting. Like that of the 3-BH
indoline specie$4’, the H splitting process using specids is
endergonic (G = 21.9 kcal/mol) with respect to the 3-Blddo-
line intermediate 14) with a barrier of 25.2 kcal/mol. Yet, in
comparison of this step to that légf (pathway a) the Hsplitting
route enabled by speci¢s8 should be highly considered, espe-
cially at 60 °C. Therefore, for the consumptionHfin the reac-
tion we postulate the heterolytic splitting of by 118, leading to

a zwitterionl19, which might undergo the self-bimolecular proto-
deborylation reaction as shown in pathway b of &whe.

Pathways for the formation of 1-Bpin indoline (2a)from 1-
BH, indoline (4a). As mentioned above in Scheme 4, the stoichi-
ometric reaction among indole, BMS and HBpin prosshrough
intermediates 1-BH indoline @a) and diaminoborane5§) to
afford the product 1-Bpin indolin€24). Noteworthy of this stoi-
chiometric reaction is that the intermedidewas only partially
consumed while the intermedigie is completely consumed for
the formation of producka. To understand the formation @&
from speciegta and HBpin, computations were performed. First,
the DFT results suppose that species 1-Bidoline @a’) is in
equilibrium with dimer4a that has two dative N-B interactions,
forming a four-membered B-N-B-N cycle. The dimesfeciesta
was found to be exergonic by 1.3 kcal/mol, and aidraof 9.4
kcal/mol is required for the dissociation 4d to occur. Fronda’

H BH,
(3a)

erated b by the intermediates of hydroboration of indoles BiMS.

two pathways are possible to form 1-Bpin-indolirga)( First,
metathesis can occur directly between HBpin 4ad(Scheme 8,
pathway a). Second, specids’ can first disproportionate to
observed diaminoborane spects which will then react with
HBpin (Scheme 8, pathway b). Computationally, foe twhole
first pathway (pathway a) a high barrier was fodiadthe initial
metathesis step G* = 17.2 kcal/mol) (Figure 6, red line). This
energy barrier is easily attainable at RT or 60 Afheit, the
reason for the observation of some unreacted spdeeand
HBpin in the stoichiometric reaction is due to fhet that species
4a and HBpin may exist in equilibrium with 1-Bpin iolthe and
BMS. This can be inferred from the computed pathwhgre the
starting stagé21 and the product stag@ were found to be nearly
equal in energy. For the second pathway (pathwagdipputa-
tions show that disproportionation is much fachég(re 6, black
line). The high barrier in this pathway was for thetathesis step
between diaminoboranesd) and HBpin. Between these two
pathways for the transformation of species 1;Btdioline @a) to
1-Bpin indoline 2a), pathway b which involves disproportiona-

tion followed by metathesis is highly favored.
B1=8
o]

1
Qj +HBpin + DMS — Q_) —-Q_) +BMS
N a N

I Nii[B] I}
42' BH, :;é_ﬁ 2a Bpin —
b e
; -G
B — ;é--H — +4a

N
2a Bpin

k3
D) @ Y
N=-B~y -BMS N="H N
Mgy 5a
v 2 18
Scheme 8Pathways perceived for the transformation of 1-Btdo-

line to 1-Bpin indoline. Pathway a involves a direwtathesis step,
and pathway b entails disproportionation and mesasteeps.
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Figure 6. Mechanistic pathways for conversion of 1-BHdoline @a) to 1-Bpin indoline 2a) using HBpin and its dlsproportlonatlon to diamino-
BMS.

borane 5a and

Overall, based on the experimental and computdtiomsights,
the plausible catalytic cycles for the formationleBpin indolines
from indoles, HBpin and the catalyst BMS are présgin Figure
7. Between the two catalytic cycles proposed, c®les more

favored.

DMS BH3-DMS

H
BH3'DMS Qj N-BEN
N
42’ BH, 5a
i HBpin
major
e\ o

. T

2a épin 2a Bpln
4a
Figure 7. Plausible catalytic cycles for the transformationleBH,

indoline to 1-Bpin indoline.

Conclusions

According to our experiments on the reaction ofoled with
simple hydroboranes of the form Bldase, in either stoichio-
metric or catalytic quantity, the major restingtstarose was 1-
boryl indoline in an atom economical manner. Iniadd, only a
minor proportion of H was generated through a relatively less
competitive side reaction. These insights overttlia earlier
mechanistic proposal of generation of stoichiometimount of
H, along with the formation of the resting state intediate 1-
boryl indole. Through DFT computations we recogdizbat
indoles likely undergo concerted hydroboration wsthmple hy-
droboranes, in a similar fashion to that of theealls, alkynes,
enamines and enol ethers as previously reportei. Step was
ensued by double self protodeborylation of the fmtnhydrobo-
rated intermediates, 3-BHndolines, to furnish the experimental-
ly observed resting species 1-Bhidolines. A minor proportion

7

[B] = Bpin.
of H, generated through a competing side reaction waerebd
to

be consumed in the reaction. For its consumptiompuitations
suggest the FLP-type heterolytic splitting of by a dihydrobo-
rated borane intermediate. Other computational aw@stic pos-
sibilities pursued based on the recent experimestiakrvations
from the reaction of unprotected and protected leslovith ter-
tiary boranes can be ruled out for the formationleBH, in-

dolines from indoles and simple hydroboranes.

Experimental section

General comments.All procedures were carried out in a glove-
box under a nitrogen atmosphere. All unprotectatblies were
used as received from commercial suppliers. Dicmmthane,
chloroform and CDGlwere purified by vacuum-distillation from
P,0s. CDs was purified by vacuum distillation from
Na/benzophenone. Pinacolborane (HBpin) was frephgpared
from BMS and pinacol in dichloromethane by followia litera-
ture proceduré The prepared HBpin contains residual dichloro-
methane. The NMR spectra were recorded either oiteritg
Technologies NMR spectrometer at 500.00 MId)( 125.757
MHz (**C), 160.46 MHz ¥B) and 470.385 MHz{F) or on
Varian Inova NMR AS400 spectrometer, at 400.0 MHH)(
100.580 MHz {3C) and 376.29%¢F) in CDCk or GDs. Mass
Spectrometry analyses were carried out on an Agi@i0 LC
Time of Flight Mass Spectrometer, by means of sbsgray
ionization (ESI) method.

Catalytic reactions. All catalytic reactions for the formation of 1-
Bpin indolines were carried out using either J. \gINMR tubes
or sealable 20 mL microwave vials. Indoles in at.D.5 milli-
mole scale was first dissolved in chloroform or GP@®.5 — 2
mL), then HBpin (1.0 — 1.3 equiv) and catalytic giity of BMS
(5 mol%) were introduced. This was followed by tbe was
quickly sealed. The reaction mixture was subsedyémated at
60 °C for 2 — 3 h. Afterwards, solvent and othelatites were
evaporated in vacuo at RT for 2 h. Our attemptsrystallize the
obtained products as residue in the form of eitiieor powder
led to decomposition under inert atmosphere anddhyzes if
kept outside in a sealed flask. As a result, isdlatields were not



possible and the obtained products as residue eraeacterized
as soon as they were prepared. For characterizatierresidue
was dissolved in CDglfor NMR spectroscopy. For mass spec-
trometry, a fraction (20 pL) of the CDC3dolution was taken and
diluted with dichloromethane (1 mL).

1-(4,4,5,5-Tetramethyl- 1,3,2-di oxaborolan-2-yl)indoline (2a).

Reaction time: 3 h. Conversion: > 99%1 NMR (500 MHz,
CDCLy): 6 7.29 — 7.27 (m, 1H), 7.13 = 7.06 (m, 2H), 6.77 Jtet

7.4, 1.1 Hz, 1H), 3.78 (8= 8.8 Hz, 2H), 3.06 (1] = 8.8 Hz, 2H),
1.31 (s, 12H)."*C NMR (126 MHz, CDCJ): 5 148.3, 131.4,
127.2, 124.4, 119.5, 112.6, 83.1, 47.0, 29.4, 4B NMR (160
MHz, CDChL): 6 23.8. HRMS (ESI-TOF)m/z Calcd for
C14H0BNO, + H': 245.1696; Found: 245.1646.

5-Methoxy-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)indoline (2b). Reaction time: 3 h. Conversion: > 99%4. NMR
(500 MHz, CDC}): ¢ 7.15 (d,J = 8.6 Hz, 1H), 6.72 (d) = 2.6
Hz, 1H), 6.63 (ddJ = 8.6, 2.7 Hz, 1H), 3.78 (§ = 8.7 Hz, 2H),
3.75 (s, 3H), 3.02 (tJ = 8.7 Hz, 2H), 1.29 (s, 12H}*C NMR
(126 MHz, CDCY): ¢ 153.7, 142.1, 132.7, 112.6, 112.2, 111.0,
83.1, 55.9, 47.3, 29.9, 24 B NMR (160 MHz, CDC})): 6 23.5.
HRMS (ESI-TOF)m/z. Calcd for GsH2BNO; + H': 276.1766;
Found: 276.1750.

6-Methyl-1-(4,4,5,5-tetramethyl-1,3,2-di oxabor olan-2-yl)indoline
(20). Reaction time: 3 h. Conversion: 98%l NMR (500 MHz,
CDCly): § 7.09 (s, 1H), 6.98 (dl = 7.5 Hz, 1H), 6.60 — 6.57 (m,
1H), 3.76 (t,J = 8.8 Hz, 2H), 3.00 (tJ = 8.7 Hz, 2H), 2.31 (s,
3H), 1.31 (s, 12H)**C NMR (126 MHz, CDCJ): 148.4, 137.0,
128.5, 124.0, 120.3, 113.3, 83.1, 47.3, 29.1, 22177."'B NMR
(160 MHz, CDC}): ¢ 23.5. HRMS (ESI-TOF)m/'z Calcd for
Ci5H2BNO, + H: 260.1819; Found: 260.1811.

5-Fluoro-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indoline
(2d). Reaction time: 3 h. Conversion: 97%1 NMR (500 MHz,
CDCly): 6 7.15 (dd,J = 8.6, 4.7 Hz, 1H), 6.83 — 6.79 (m, 1H),
6.78 — 6.72 (m, 1H), 3.78 (1,= 9.0 Hz, 2H), 3.03 (1 = 9.2 Hz,
2H), 1.30 (s, 12H)**C NMR (126 MHz, CDG)): 6 157.3 (d,J =
236.1 Hz), 144.3, 125.9, 113.1 (M= 22.9 Hz), 112.6 (d] = 8.1
Hz), 111.6 (d,) = 23.8 Hz), 83.1, 47.4, 29.6, 24}B NMR (160
MHz, CDCkL): 6 23.5. HRMS (ESI-TOF)m/z Calcd for
CuH1BFNO, + H': 264.1568; Found: 264.1565.

5-Chloro-1-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)indoline
(2e). Reaction time: 3 h. Conversion: > 99%.NMR (500 MHz,
CDCl): § 7.14 (dd,J = 8.4, 0.4 Hz, 1H), 7.05 — 6.95 (m, 2H),
3.75 (t,J = 9.2 Hz, 2H), 3.01 (tJ = 8.8 Hz, 2H), 1.28 (s, 12H).
B NMR (160 MHz, CDCJ): 6 23.7. HRMS (ESI-TOFWZ
Calcd for G4H;BCINO, + H': 280.1273; Found: 280.1259.

5-Bromo-1-(4,4,5,5-tetramethyl- 1,3,2-di oxaborolan-2-yl)indoline

(2f). Reaction time: 3 h. Conversion: 96%4.NMR (500 MHz,
CDCly): 6 7.18 — 7.13 (m, 1H), 7.12 — 7.08 (m, 2H), 3.74 (@&
9.0 Hz, 2H), 3.01 (tJ = 8.8 Hz, 2H), 1.28 (s, 12H}!B NMR
(160 MHz, CDCY}): ¢ 23.6. HRMS (ESI-TOF)m/'z Calcd for
C14H1BBINO, + H': 324.0768; Found: 324.0753.

6-Fluoro-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indoline
(29). Reaction time: 3 h. Conversion: > 99%H NMR (500
MHz, CDCk): § 7.03 — 6.91 (m, 2H), 6.41 (ddd= 9.3, 8.1, 2.4
Hz, 1H), 3.78 (dJ = 9.1 Hz, 2H), 2.98 (1] = 8.8 Hz, 2H), 1.29 (s,
12H). B NMR (160 MHz, CDC)): 6 23.8.2°F NMR (470 MHz,
CDClL): 6 -114.9. HRMS (ESI-TOF) m/zz Calcd for
C1H:1BFNO, + H': 264.1568; Found: 264.1561.

6-Chloro-1-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)indoline
(2h). Reaction time: 3 h. Conversion: 98%1 NMR (500 MHz,
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CDCly): 6 7.21 (s, 1H), 6.96 (d] = 7.0 Hz, 1H), 6.69 (d] = 7.8

Hz, 1H), 3.77 (1) = 8.8 Hz, 2H), 2.99 (] = 8.8 Hz, 2H), 1.29 (s,
12H). B NMR (160 MHz, CDC)): ¢ 23.6. HRMS (ESI-TOF)
m/z: Calcd for G4H;oBCINO, + H": 280.1273; Found: 280.1257.

6-Bromo-1-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)indoline
(2i). Reaction time: 3 h. Conversion: > 99%4. NMR (500 MHz,
CDCly): 6 7.36 (d,J = 1.8 Hz, 1H), 6.92 (d] = 7.8 Hz, 1H), 6.85
(dd,J=7.8, 1.8 Hz, 1H), 3.76 (§,= 8.8 Hz, 2H), 2.97 () = 8.8
Hz, 2H), 1.29 (s, 12H)"'B NMR (160 MHz, CDC)): § 23.6.
HRMS (ESI-TOF)Wz Calcd for G4H,BBrNO, + H': 324.0768;
Found: 324.0752.

4-Chloro-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indoline
(2j). Reaction time: 3 h. Conversion: 97%1 NMR (500 MHz,
CDCly): § 7.14 (ddJ = 8.0, 0.9 Hz, 1H), 7.00 (t§,= 8.0, 0.8 Hz,
1H), 6.73 (ddJ = 8.0, 0.9 Hz, 1H), 3.80 (§,= 9.2 Hz, 2H), 3.09
(t, J = 8.9 Hz, 2H), 1.30 (s, 12H*C NMR (126 MHz, CDCJ): 6
149.8, 130.4, 129.8, 128.7, 119.4, 110.7, 83.17,483.9, 24.7.
B NMR (160 MHz, CDC})): § 23.2. HRMS (ESI-TOF)Wz
Calcd for HRMS (ESI-TOFWz Calcd for G4H;sBCINO, + H':
280.1273; Found: 280.1251.

5-Nitro-1-(4,4,5,5-tetramethyl- 1,3,2-dioxaborolan-2-yl)indoline
(2k). Reaction time: 4 h. Conversion: > 99%.NMR (500 MHz,
CDCly): 6 7.99 (d,J = 8.9 Hz, 1H), 7.93 (s, 1H), 7.24 @= 9.2
Hz, 1H), 3.86 (tJ) = 8.9 Hz, 2H), 3.10 (] = 8.9 Hz, 2H), 1.30 (s,
12H). B NMR (160 MHz, CDC)): ¢ 23.9. HRMS (ESI-TOF)
m/z: Caled for G4H;,oBN,O, + H': 290.1438; Found: 290.1433.

6-Nitro-1-(4,4,5,5-tetramethyl- 1,3,2-dioxabor olan-2-yl)indoline
(2l). Reaction time: 6 h. Conversion: 98%1 NMR (500 MHz,
CDClLy): 7.97 (d,J=2.2 Hz, 1H), 7.63 (ddl = 8.1, 2.2 Hz, 1H),
7.14 (d,J = 8.1 Hz, 1H), 3.85 (tJ = 8.9 Hz, 2H), 3.11 () = 8.6
Hz, 2H), 1.31 (s, 12H)*C NMR (126 MHz, CDG)): 149.7,
148.3,139.2, 124.1, 115.5, 107.2, 83.1, 47.6,, 2127 .'B NMR
(160 MHz, CDC}): 6 23.9. HRMS (ESI-TOF)Ywz Calcd for
C14H10BN,O, + H': 290.1438; Found: 290.1426.

7-Fluoro-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indoline
(2m). Reaction time: 16 h. Conversion: 75%.NMR (500 MHz,
CDCly): 6.90 (dgJd=7.2, 1.1 Hz, 1H), 6.84 (dddt= 11.0, 8.2,
1.3, 0.8 Hz, 1H), 6.74 (ddd,= 8.2, 7.2, 4.3 Hz, 1H), 3.83 (=

8.4 Hz, 2H), 3.01 (t) = 8.4 Hz, 2H), 1.31 (s, 1H}*C NMR (126
MHz, CDCk): 6 151.1, 149.1, 136.7, 136.7, 134.4, 134.3, 121.2,
121.1, 119.8, 119.8, 115.2, 115.0, 82.9, 49.7,,3p4 6.'B
NMR (160 MHz, CDCY)): 6 23.5.*%F NMR (470 MHz:6 -124.6.
HRMS (ESI-TOF)m/z Calcd for G,H,oBFNO, + H': 264.1568;
Found: 264.1559.

7-Methyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)indoline
(2n). Reaction time: 16 h. Conversion: 43%.NMR (500 MHz,
CDCly): 6 7.05 — 7.02 (m, 1H), 6.96 — 6.83 (m, 1H), 6.72 1),
3.60 (t,J = 8.4 Hz, 2H), 3.10 () = 8.4 Hz, 2H), 2.19 (s, 3H),
1.30 (s, 12H)'B NMR (160 MHz, CDCJ): ¢ 21.2. HRMS (ESI-
TOF) miz Calcd for GsH,,BNO, + H': 260.1819; Found:
260.1813.

Stoichiometric and sub-stoichiometric reactionsAll stoichio-
metric and sub-stoichiometric reactions were cdrgat using J.
Young NMR tubes in CDGlat various temperatures and reaction
hours. For monitoring the reaction between indatel 8MS,
indole @La, 0.1 mmol, 11.7 mg) and BMS (0.1 mmol, 9.5 uL)
dissolved in 0.5 mL CDGlwas employed at different tempera-
tures. To understand the equilibrium between L-Bidoline @a)
and diaminoboranesg) from the disproportionation reaction, the
ratio between indole and BMS was varied by keepitiple at
0.1 mmol and varying BMS quantity from 0.2 to Or@fol.



Computational details. Geometry optimizations and frequency
calculations were performed at the hybrid DFT wdthpersion-
corrected functional B97XD?? as implemented in the Gaussian
09 (revision C.01) software progr&mThe standard 6-31G(d,p)
basis set was used. Transition state (TS) georseteee obtained
using opt = (ts, noeigentest, calcfc) algoritffh&requency cal-
culations were performed on all optimized struciuie verify the
nature of the structures and to extract the thehmmistry infor-
mation. From the frequency calculations we enstiedl the TS
structures had only one imaginary frequency and ttreamagni-
tudes of all frequencies were greater than theluesifrequencies
that are due to rotations and translations. Additily, each TS
was confirmed to be on the chosen reaction patpdsforming
“plus-and-minus-displacement” minimization calcidas where
the TS structure was displaced ca. 0.05 A or Sthenimaginary
frequency normal mode in both directions and subsety the
displaced geometries were optimized to the neangsma?® The
energies (G) given are corrected for zero-point vibrationate
gies.
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