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ABSTRACT: We describe an operationally simple transition-metal- R —X
free borylation of alkyl iodides. This method uses commercially "alky!
available diboron reagents as the boron source and exhibits excellent
functional group compatibility. Furthermore, a diverse range of

g d d 1yl iodi g 1° and 2°
primary and secondary alkyl iodides could be effectively transformed

B,piny, t-BuOLi
MeOH/H,0, 50 °C

Raiky—Bpin

X=1,Br 27 examples

up to 86% yield

to the corresponding alkylboronates in excellent yield. Mechanistic
investigations suggest that this borylation reaction proceeds through a single-electron transfer mechanism featuring the

generation of an alkyl radical intermediate.

lkylboronic acids and esters represent highly versatile

building blocks in transition-metal-catalyzed cross-cou-
pling reactions and various functional group transformations."”
Additionally, the alkylboronic acid motif itself is frequently
found in clinically important drugs (e.g., bortezomib)® as well
as agents used in boron neutron capture therapy (BNCT) of
cancer.* Conventional methods for the preparation of these
compounds include electrophilic borylation of organolithium
or Grignard reagents,5 hydroboration of olefins,’ and
transition-metal-catalyzed C—H borylation.” Despite their
synthetic utility, these methods suffer from significant
limitations, including low functional group compatibility
and/or moderate regioselectivity. In recent years, transition-
metal-catalyzed borylation of alkyl halides has emerged as a
new approach for the synthesis of alkylboronates.” To date, a
variety of transition-metal catalysts based on Cu,’ Ni,'° Pd,"!
Fe,"> Mn," Zn,'* and Ag15 have been used for the borylation
of alkyl halides (Scheme 1a). Although these methods have
found many applications, the need to fine-tune the activity of
the transition-metal catalyst through a tedious survey of
supporting ligands is undesirable. Furthermore, a number of
these processes involve the use of air-sensitive catalysts or
reagents (e.g, EtMgBr'**'? and t-BuLi'™"), thereby limiting
the further adaptation of these methods by the synthetic
community.

During the past several years, transition-metal-free boryla-
tion has been developed as a useful method for the preparation
of a wide range of organoboron compounds.'® Since the
pioneering work of Wang in 2010, numerous transition-
metal-free aromatic borylation protocols have been developed,
allowing for the conversion of anilines,"® aryl (pseudo)-
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Scheme 1. Borylation of Alkyl Halides

(a) Transition-metal catalyzed borylation of alkyl (pseudo)halides

R X Cu, Ni, Pd, Fe, Mn, Zn, Ag R Boi
— —Bpin
alky! B,pin,, base/ligand akyEP

X=Cl,Br, 1, OTs

(b) Photoinduced borylation of alkyl iodides

1) B,cat,, DMF, blue LED
2) Et3N, pinacol

Raiky—! Raiy—Bpin

(c) Base-assisted transition-metal-free borylation of alkyl halides (this work)

B,piny, t-BuOLi

Ratky—X
alky! MeOH, 50 °C

Raiky—Bpin
X=1,Br

m Transition-metal-free, photo-free  ® Not sensitive to air or moisture
® High functional group tolerance ~ ® Simple and practical procedure

halides,"” and aryl carboxylates® into aryl boronates. In
contrast, transition-metal-free borylation of alkyl substrates
remains largely underdeveloped. To date, the scope of aliphatic
substrates is limited to carboxylic acid derivatives”' and amine
derivatives.”” We note that those alkyl substrates have to be
“activated” prior to the execution of borylation. Specifically,
carboxylic acids are transformed into the corresponding N-
hydroxyphthalimide (NHPI) esters,”’ and amines are con-
verted into their Katritzky pyridinium salts in order for the
borylation to occur.”” Thus, the direct use of abundant and
easily available alkyl halides for borylation without the need of
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preactivation is very appealing. Herein, we describe such a
protocol for the transition-metal-free borylation of an array of
alkyl iodides, including both primary and secondary alkyl
substrates. This method operates under mild reaction
conditions and uses bench stable, widely available pinacol
diboron (B,pin,) for the borylation of primary alkyl iodides
(Scheme 1c). During the preparation of this manuscript, the
Studer group disclosed an elegant photochemical protocol for
the transition-metal-free borylation of alkyl iodides.”” In
contrast to our method, more expensive catechol diboron
(B,cat,) was found to be optimal for Studer’s photochemical
borylation. Due to the chromatographic instability of catechol
boronates, an additional step was required to convert catechol
boronates to pinacol boronates for isolation.

We commenced our study by investigating the borylation of
octyl iodide (1a) under transition-metal-free conditions using
pinacol diboron (B,pin,) as the borylating reagent (Table 1).

Table 1. Reaction Development

O\B_B/O £BuOLi (2 equiv), solvent _ . _B/O
CgHi7—X  * d o temperature, time G o

1a (X =)

0.5 mmol B,pin, (4 equiv) 2a
T  time conv of yield”
entry” X additive  solvent (°C)  (h) 1 (%) (%)
1 I MeOH 65 12 96 70
2 I DMF 65 12 100 55
3 I DCM 65 12 47 15
4 I H,0 MeOH 50 48 100 87 (86)
5 I H,0 MeOH 50 48 100 85
6? I H,0 MeOH 50 48 95 64
7 I H,0 MeOH 50 48 100 15
8 I H,0 MeOH 50 48 92 67
98 I H,0 MeOH 50 48 100 84
10" 1 H,0 MeOH 50 48 96 60
11 Br H,0, MeOH 50 48 81 56
K1
12 Br H,0,, MeOH 50 48 95 76
13 cl H,0,1, MeOH 50 48 10 10
14 OTs H,0,1, MeOH 50 48 57 18
15 OMs H,0,I, MeOH 50 48 53 45

“Entries 1—3, solvent 1 mL; entries 4—12, solvent 0.85 mL, H,O (10
uL), KI (0.2 equiv), I, (0.2 equiv). *GC yield using decane as an
internal standard. Isolated yield is shown in parentheses. “In the dark.
“MeOLi as the base. °Cs,COj as the base. FLiOH-H,O as the base.
#B,pin, (3 equiv), +BuOLi (1.5 equiv). thpinz (2 equiv), +-BuOLi (1
equiv).

After extensive optimization, we found that the treatment of 1a
with 4 equiv of B,pin, in the presence of 2 equiv of t-BuOLi in
MeOH (0.5 M) at 65 °C for 12 h afforded the corresponding
boronate 2a in 70% yield (entry 1). Other solvents such as
DMEF or CH,Cl, proved less effective (Table 1, entries 2 and 3,
and Table S1). Further study showed that the addition of a
small amount of water provided a higher yield (87%) of 2a
(entry 4). We postulated that the addition of water overcame
the heterogeneity issue of the current process and thus
enhanced the yield of the borylation product. Importantly,
when carried out strictly in the absence of light, this borylation
reaction still provided the same yield of 2a (entry S), thus
completely ruling out the possibility of a photoinduced
process. Other bases such as MeOLi, Cs,CO; and LiOH

were less effective (entries 6—8). Additionally, we were able to
reduce the amount of B,Pin, to 3 equiv without affecting the
yield of 2a (entry 9). The use of 2 equiv of B,Pin, provided 2a
in a slightly lower yield (60%). Furthermore, less reactive octyl
bromide could also be borylated in good yields in the presence
of a catalytic amount of KI or I, (entries 11 and 12). Octyl
chloride, octyl tosylate, and octyl mesylate were also
compatible substrates under these conditions, providing
borylation product 2a in low to moderate yields (entries
13—15). Finally, the transition-metal-free nature of this
borylation reaction was ascertained by carrying out this
transformation using reagents of high purity (Aldrich) with
trace metal residue (see the Supporting Information for ICP—
MS analysis of transition metal residues including Cu, Fe, Pd,
Mn, Ni, and Zn in these reagents and other control
experiments).

With the optimized reaction conditions in hand, we next
examined the substrate scope of this metal-free-borylation
reaction (Scheme 2). A series of unactivated primary and
secondary alkyl iodides/bromides were converted to the
corresponding alkyl boronates in excellent yields. In general,
primary alkyl iodides were more reactive relative to primary
alkyl bromides and secondary alkyl iodides. An array of
functional groups, including less reactive halides (2i—k), an
alcohol (21), a phenol (2m), ethers (2n and 20), an amide
(2p), an ester (2r), and a sulfonyl group (2t) were compatible
with this method. Free alcohol and free phenol containin,
substrates were challenging in previously developed Cu-,
Ni-,'® Pd-,"* Fe-,'* and Mn-catalyzed]3 borylation reactions.
Under our metal-free conditions, 11 and 1m were effectively
transformed into the corresponding products, suggesting that
this metal-free process is complementary to those previously
developed ones using transition-metal catalysts. For secondary
iodide substrates, the use of B,cat, as the borylation agent was
more effective than B,pin,, affording secondary borylated
products in good yields (2u—2y). For these substrates, further
treatment with pinacol was carried out for purification.

Moreover, we found that when this metal-free borylation
reaction was conducted in a capped vial under an atmosphere
of air, the yield of the product remained unaffected, thus
highlighting the practicality of this process. To further
demonstrate the utility of this borylation method, a gram-
scale synthesis of octyl pinacol boronate was carried out under
air (eq 1). The 15 mmol scale reaction furnished 2a in 82%
isolated yield, thereby demonstrating the potential of this
method for the large-scale synthesis of valuable alkylboronates.

Bopin, (4 equiv), t-BuOLi (2 equiv)
MeOH (30 mL), H,0 (0.15 mL)

-CgHq71 -CgH17Bpi 1
st 50 °C, 48 h, in air fLgflarspin M
1a, 15 mmol 23,2959
3609 82% isolated yield

To gain further insight into the mechanism of this base-
promoted borylation reaction, we performed a series of
mechanistic investigations. First, when a commonly used
radical scavenger, 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), was added under the standard conditions, only
14% of 2a was obtained (Scheme 3a). Moreover, the
corresponding TEMPO-trapped product was observed by
GC—MS analysis. Second, the borylation of cyclopropyl
substrate 1z and laa yielded the ring-opened product 2z and
2aa, respectively, indicating the involvement of alkyl radical
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Scheme 2. Substrate Scope”

t-BuOLi (1.5 equiv)

- +  Bypi R=Bpi
R=X P2 T NeOHIH,0, 50 °C, 48 h pin
1, 0.5 mmol 3 equiv 2
Aliphatic chain
n-CgHq7=Bpin CH3Bpin n-CgHq3=Bpin n-CgH19=Bpin
2a 2b, (42%°C) 2¢, 49% (72%) 2d, (71%)
X =1:83% X=1 X =Br X=1
X = Br: 66%¢°
. Bpin )\/\
n-Cq2Ho5=Bpin Bpin Ph/\/\Bpin
2e, 68% (80%) 2f, 62% (85%) 29, X =1: 63% 2h, 53% (61%)
X=1 X=1 X = Br: 30% X=1

Functional group tolerance

cl Bpi NGNS Bpin
S\ PPN C - Bpin /@/\/\ pi
Br
2i, 41% (75%) 2j, 68% 2k, 43%
X=1 X=1 X=1
4 Bpin
HO N~ MeO :
5 Bpin /©/\/ e \/\/\Bpln
HO
21, 72% 2m, 41% 2n, 48%NVR
X=1 X=1 X=1
Boi 0 )
/@N " J\/\/\/B i OB
" O
N
MeO O(\ ° !
20, 58% 2p, 78% 2q, 52% (65%)
X=1 X=1 X=1
J©/O\/\/Bpin OO\/\/BPM /©/O\/\/Bpin
MeO,C AcHN MeO,S
2r, 41%NVR 2s, 69% 2t, 42%
X=1 X=1 X=1

Secondary halides®

Bpin Bpin Bpin Bpin Bpin

2u, 55%, (66%°C)  2v, 55% 2w, 51% 2x, 33%CC 2y, 71%
X=1 X=1 X=1 X=1 X=1

“Reaction conditions: alkyl halide 1 0.5 mmol, B,pin, 1.5 mmol (3
equiv), +BuOLi 0.75 mmol (1.5 equiv), MeOH 0.85 mL, H,O 10 uL.
Isolated yields were reported. The yields in parentheses are referred to
the conditions with the use of B,pin, (2 mmol, 4 equiv) and +-BuOLi
(1 mmol, 2 equiv). The yields with a “GC” superscript are GC yields
with decane as an internal standard. The yields with a “NMR”
superscript is 'H NMR yield with 1,1,2,2-tetrachloroethane as an
internal standard. “B,cat, (4 equiv), t-BuOLi (2 equiv), MeOH, 80
°C, 48 h; then Et;N (4 equiv), pinacol (4 equiv), rt, 3 h.

intermediates in this borylation reaction (Scheme 3b). In these
reactions, further borylation of the newly formed alkene took
place,”* and protodeborylation also occurred in the formation
of 2z. Third, we found that borylation product selectivity (yield
of 2a/(conversion of 1a, yield of 2a)) correlates well with the
amount of B,pin, added (Scheme 3c). This observation shows
the desired radical borylation using B,pin, competes with other
side reactions (e.g., H atom abstraction) of the alkyl radical
intermediate.

To further probe the nature of the radical species formed
during the reaction, electron paramagnetic resonance (EPR)
studies were next performed (Figure 1). 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO) was introduced as a spin-trap, as it
is known to react with short-living radicals to furnish more
stable and EPR detectable nitroxide radicals.” In addition to
octyl iodide (1a), we also selected perfluorooctyl iodide (la-
F,,) as a probe due to the very characteristic EPR signals of the
resulting DMPO-trapped perfluoroalkyl species. EPR spectra

Scheme 3. Preliminary Mechanistic Studies

(a) Alkyl radical trapping

" PP -CgH170w

n-CgHyy—1  _'Standard conditions” o 11 _poin n-CgHi70
TEMPO (1 equiv)

1a, 0.5 mmol 2a, 14%

Observed on GC-MS

(b) Radical clock probe

MeO,C_ _CO,Me "standard conditions” Bpin CO,Me

&/l Bpm\/'\/kCOQMe
1z

2z, 83%

"standard conditions” Bpin

I Boin A~

1aa 2aa, 42%"\VR

(c) Role of B,pin, in product selectivity

Bpin

t-BuOLi (0.5 mmol), B,pin, (x mmol)

n-CgHq7—1 VeOR/H0 (0,86 mL) 50 °C. 11 n-CgH47=Bpin
1a, 0.1 mmol eOH/H0 (0.86 mL), 50 °C, 2a
1.2
> °
> 1.0
° ]
K4
2 0.8-
<
2
B 0.6 1 °
2
8 044 o
0.75 1.00 1.25 1.50
B,pin, (mmol)
(a) Experimental
— Simulated
e, @
+ MeOH
CgHigl + Bopiny + tBuOLi + H\@< _MeOn CsH1|—7|>(i7<
2 pMPO radical A
\ [ [ | g=20083
An=1515G
Ap=2166G

Ref 26|

(a)-(c)

(b) - RFO

o] U
NF MeOH N
CgFy7l + Bypin, + t-BuOLi + H\(,_7< — CiFi,

1a-Fy7 radical B
DMPO g =2.0069
| An=13.74G
Ay =15.30G
A = 0.667 G
Ref 26(b)

1 1 1 1 1 L
3470 3480 3490 3500 3510 3520 3530 3540 3550

Magnetic field (G)

Figure 1. Experimental (black) and simulated EPR spectra (red) of
reactions with DMPO in MeOH: (a) 1a + B,pin, + t-BuOLi; (b) la-
F,; + B,pin, + t-BuOLi.

were simulated using the least-squares fitting method with
EasySpin (see the Supporting Information for details). On the
basis of literature precedents,”® radicals A and B generated by
reaction of the alkyl halide substrate with B,pin,, -BuOLi and
DMPO in MeOH are assigned to nitroxide radicals shown in
Figure 1. As shown in Figure la, the reaction of 1a leads to a
DMPO-trapped radical species featuring a triplet of doublet
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EPR signal due to the coupling with the adjacent nitrogen and
hydrogen atoms highlighted in blue, showing a g value of
2.0063. On the other hand, the reaction of 1a-F, gives rise to
a DMPO-trapped radical featuring a quasi-quartet EPR
splitting pattern due to the inductive effect caused by the
adjacent fluorine substituents. Together, these results con-
firmed that alkyl iodide reacts with the diboron reagent and ¢-
BuOLi to generate an alkyl radical.

Furthermore, we performed density functional theory
(DFT) calculations on the C—B bond formation step (see
the Supporting Information for details). Previous study
proposed that the Lewis base adduct of the tetraalkoxydiboron
compound (ate complex in Figure 2a) is a key intermediate in

(a) Gibbs free energy profile for C—B bond formation pathways with B,pin,

AGgo(kcal/mol), (u)M0B2X/6-311++G(d,p)-SMD(methanol)//(u)B3LYP/6-31+G(d)
(for iodine atoms SDD was used)

211A S8

R
L S ad

e e
2t »

e
o

CaHir
TS1

CgH47Bpin

INT4

Sy T o o

CE o oS T

0;3 B‘o I BuO B\o ]: 07 o 'BuOBpIn
CeHir . CeHi7 oty -904

INT1 INT3 INT4 -

(b) Gibbs free energy profile for C—B bond formation pathways with B,pin, and B,cat,

AGgg/(kcal/mol), (u)M062X/6-311++G(d,p)-SMD(methanol)//(u)B3LYP/6-31+G(d)
(for iodine atoms SDD was used)

'PrBcat .
Pr
-
‘BuOBpin
-11.5

PrBpin

-11.7
pr
i
‘BuOBcat

INT7

Figure 2. Computed potential energy surface of borylation reaction.

borylation reactions.”” We found that, compared with this ate
complex, alkyl radical addition to B,pin, is more facile, leading
to INT1. Subsequent B—B bond disassociation of INT1 via
TS2 provides the borylation product and the Bpin radical
INT2. This boron-centered radical is then trapped by t-BuO~
to give the +-BuOBpin radical anion (INT3), which can further
reduce alkyl iodide to regenerate the alkyl radical. For
secondary alkyl halides, B,cat, is more favorable than B,pin,
in this radical borylation (Figure 2b).

On the basis of our combined experimental and computa-
tional evidence as well as studies on previously developed
radical borylation reactions,'*™>* a plausible mechanism is
outlined in Scheme 4. We propose that the alkoxide first reacts
with B,pin, to produce the ate complex. This ate complex then
reduces the alkyl iodide through a single-electron transfer
(SET) event, affording the key alkyl radical intermediate. Then
this alkyl radical adds to a free B,pin, to give INT1 via TSI.
Subsequent cleavage of the B—B bond of INT1 leads to the
boryl radical (INT2) and the borylation product. Finally,

Scheme 4. Proposed Mechanism

/of i }?\E__._B,Oi

OB
s /

oy R
INT3
o NG
V\. g
A
_ o=
R'O

INT2 = R=Bpin

INT2 is trapped by an alkoxide to afford R'OBpin radical
anion INT3, which can also undergo single electron transfer
with the alkyl iodide as described above.

In summary, we have developed an operationally simple
transition-metal-free borylation of alkyl iodides. This tran-
sition-metal-free borylation occurs under mild conditions,
tolerates a broad range of sensitive functional groups.
Moreover, it provides an effective means to convert various
primary and secondary alkyl iodides to the corresponding alkyl
boronates. Preliminary mechanistic investigations indicated a
single-electron-transfer process is likely involved in this
transition-metal-free borylation. This study affords a new
avenue for generating alkyl radical from easily accessible alkyl
halides using simple bases and diboron reagents. Expanding
the substrate scope to include other types of alkyl halides, as
well as detailed mechanism, are currently underway in our
laboratory.
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