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 Branched Amine Synthesis via Aziridine or Azetidine Opening with
. Organotrifluoroborates by Cooperative Brgnsted/Lewis Acid
; Catalysis: An Acid-Dependent Divergent Mechanism

4+ Truong N. Nguyen and Jeremy A. May™

s Department of Chemistry, University of Houston, 3585 Cullen Boulevard, Fleming Building Room 112, Houston, Texas 77204-5003,

6 United States

7 @ Supporting Information
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8 ABSTRACT. A practical cajcalytlc.rfle.thod to synt}}e§1ze pp anq 7Y Ts R2 = akenyl, A r 3K etercany J:‘
9  substituted amines by opening aziridines and azetidines, respectively, ) _ _ el
10 using alkenyl, alkynyl, or aryl/heteroaryl triftuoroborate salts is described. ¥ (n_Bt')fL?qsf%f(%‘?;‘ ';'Z,uiv)
CHCl

11 This reaction features simple open-flask reaction conditions, the use of .
12 transition-metal-free catalysis, complete regioselectivity, and high J\B/NHTs « Transition metal-free

g .. .. .. . R! e Inexpensive and accessible catalyst
13 diastereoselectivity. Preliminary mechanistic studies suggest that @

RZ
. a
R1J\B/\ NHTs

e Open air

14 carbocation formation is disfavored. Stereoretentive addition is favored
15 with Brensted acid present, while stereoinversion is favored in its absence, indicating divergent mechanisms.

16 mines with - or y-branching constitute an important motif
17 for a large number of small molecules with biological
18 properties, some of which serve as candidates for the treatment of
19 nervous system disorders such as Parkinson’s and Alzheimer’s
20 diseases.” Several strategies have been conceived to construct
21 these molecules. A powerful strategy to synthesize 8- or y,y-
22 substituted amines has been nucleophilic addition to the
23 substituted position of aziridines® or azetidines,’ respectively,
24 catalyzed by Lewis acids or Lewis bases (Scheme 1, eq 1).
25 Though several types of nucleophiles have been successfully

—

26 employed to make C—C bonds, carbanions such as organo-
27 lithium cuprates or Grignard reagents have been most
28 prominently used.* Examples of neutral carbon z-nucleophiles
29 are rare, especially with azetidines.’” Furthermore, these

Scheme 1. Synthesis of §,4- and y,y-Substituted Amines

Previous work
Nucleophilic addition to aziridines or azetidines

?WG Lewis acid or base Nu
N N o)
/ é) Nu-H =RR'NH, ROH,RSH R “EWG
R n=1,2 Nu-M = Ry,-CulLi, R-MgBr n=1,2
Transition metal-catalyzed cross-coupling
Doyle®
& aryl/alkyl-ZnBr arylialkyl )
AN > )\/NHTS @
Ar [Ni], ligand Ar
Minakata®
Ts
N aryl-B(OH), aryl 5
/Q — )\/NHTs (3)
Ar [Pd], ligand Ar
This work R2-BF4K
Ts 5 [ |
N R< = alkenyl, alkynyl, NTs
[\ aryl/heteroaryl R
R' @

LiClO4 (0.5 equiv)
(n-Bu)4NHSO4 (0.5 equiv)

2
R? R
r o
R1J{/NHTs CHCL, R1J\ﬁ/\NHTs
o
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approaches usually exhibit poor regioselectivity due to 30
competitive nucleophilic attack at the two carbons of the 31
aziridine. 32

Another efficient approach to synthesize substituted amines is 33
transition-metal-catalyzed cross-coupling of aziridines (Scheme 34
1, eqs 2 and 3). Specific metals and ligands are needed for fine 3s
control over the selectivity of these reactions. For instance, Doyle 36
developed nickel catalysts to promote the cross-coupling 37
between aryl or alkylzinc reagents to N-sulfonylaziridines with 38
complete regioselectivity at the substituted position.” The use of 39
an electron-deficient alkene ligand was crucial to prevent - 40
hydride abstraction. Aryl boronic acids were successfully used for 41
a palladium-catalyzed coupling, as later reported by Minakata,® 42
where the bond formation occurs with excellent stereochemical 43
inversion. Although these reactions represent significant 44
advances, which even allow the generation of quaternary 4s
stereocenters™ or an enantioselective transformation,* they 46
require complex and sometimes expensive ligands. Moreover, 47
transition-metal catalysts often require inert atmospheres and 48
exclusion of water, and limited tolerance of halogenated 49
substrates is seen. Additionally, no examples of using alkynyl or so
alkenyl nucleophiles as coupling partners with aziridines at the s1
substituted carbon have been reported, nor are there examples of 32
transition-metal-catalyzed cross-couplings to azetidines to afford s3
y,y-substituted amine. 54

In addition to the above-mentioned limitations to synthesizing ss
substituted amines, it is crucial to remove contaminating metals 56
in many chemical processes, especially in the pharmaceutical s7
industry.” Transition-metal-free conditions are consequently of ss
interest to reduce cost and environmental impact.” Coinciden- 59
tally, organotrifluoroborates have recently gained increasing 6o
attention due to their wide functional group tolerance, bench- 61
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stability, low toxicity, and easy access from commercial sources.
Therefore, a reaction to afford substituted amines under
transition-metal-free conditions from organotrifluoroborates,
an unprecedented reaction, would be highly attractive for
organic synthesis. Herein, we describe a general method to
synthesize both f3,f- and y,y-substituted amines by nucleophilic
ring opening of aziridines and azetidines, respectively, using
organotrifluoroborate salts as nucleophiles under cooperative
Lewis/Brensted acid catalysis (Scheme 1, eq 4). This approach
provides straightforward, high-yielding, and scalable access to
substituted amines with a wide range of readily available
organotrifluoroborates under very simple conditions.

With the successful employment of organotrifluoroborate salts
as nucleophiles in our previous works,” we hypothesized that a
similar nucleophilic addition to aziridines or azetidines would
occur in the presence of a suitable Lewis acid or Brensted acid.
The investigation began by testing the reaction between readily
available styrenyl trifluoroborate 2 and styrene-derived N-
tosylaziridine 1 with various catalysts. After extensive screening,
we found that some Lewis acids such as Bi(OTf),, Yb(OTf),,
Cu(OTH),, or InCly could promote the reaction to afford f3,4-
substituted amine 3a with complete regioselectivity, but in low
yield (Table 1, entry 1). Promisingly, amine 3a could be obtained

Table 1. Effects of Varying Reaction Conditions'’

Ts
N PR Brk (15equiv) i

2
Ph 1 catalyst, time, solvent, additives, 23 °C Ph/\):g:/NHTs
entry  catalyst time (h)  solvent co-catalyst yield (%)“

1 LAY 12 CH,Cl, 17-22
2 LiClO, 12 CH,CL, 61
3 LiCl 12 CH,C, 45
4 LiPF, 12 CH,Cl, 28
s LiOTf 12 CH,Cl, 18
6 LiClO, 12 MeCN 51
7 LiClO, 12 THF trace
8 LiClO, 12 PhMe 60
9 LiClO, 6 CH,Cl, (n-Bu),NHSO, 77
10 24 CH,Cl,  (»Bu),NHSO,% 66
11 LiClO, 6 CH,Cl,  (n-Bu),NHSO, 85

“Via 'H NMR integration relative to an internal standard bLA =
Bi(OTf);, Yb(OTf);, Cu(OTf),, and InCl;. 0.5 equiv. “Isolated yield,
0.5 equiv of LiClO, at 0 °C.

in >60% vyield in the presence of LiClO, under open air
conditions at room temperature (Table 1, entry 2). When
switching to other lithium salts, the reaction yields did not
improve (Table 1, entries 3—5). Only toluene gave results similar
to dichloromethane but not for all substrates (Table 1, entries 6—
8). The addition of (n-Bu)4NHSO4 increased the reaction yield
to 77% (Table 1, entry 9).7" Interestingly, we later found that (n-
Bu),NHSO, provided the product in 66% yield without lithium
salts (Table 1, entry 10). Further optimization showed that the
adduct 3a was obtained in 85% yield at 0 °C catalyzed by LiCIO,
and (n-Bu),NHSO, (Table 1, entry 11).

To investigate the scope of this reaction, we first varied the
alkenyl trifluoroborate (Scheme 2). Yields were generally high
and not significantly affected by aryl ring para substituents (3b—
e). When alkynyl trifluoroborates instead of alkenyl trifluor-
oborates were used, the products were obtained in even higher
yields (4a—c), even though alkynyl boronates are often sensitive
to acidic conditions. It should be noted that there are no previous

Scheme 2. Scope of the Reaction with Aziridines

LS R-BF3K (1.5 equiv) R
/\ LiClO4 (0.5 equiv) NHT:
R (n-Bu)4NHSO4(0.5équiv), CH,Cl,, 0°C, 2-8h R’/k/ °

Ph

NHTs // NHTs
33 R=H, (85%) 4a, R=H, (91%)
3b, R=Me, (75%) g 4b, R = OMe, (82%)
3c, R=Cl, (68%) 4c, R=F,  (93%)

3d, R=F, (85%)

op 38 R=CFs, (89%)

Ph
NHTs NHT:
NHTs // s
5 (56%) 6 (47%)? 7 (39%)?
Ph
/©)\/NHTs NHTs NHTs
8 (70%) L9 (79%) 10 (59%)
o

Ph

NHTs NHTs ~ NHTs
NSO,Ph
11 (50%) 12 (57%) 13 (45%)

15a, R = OMe (85%)
(89%)
(87%)

R 14a,R=F (92%)
14b, R = NO, (84%)

NHTs NHTs

Z =z
Ph Ph™ 16 (80%)

Ph
| Ph
|'| NHT: //

B — o s
‘__NHTs —

Ph/\é/ 'NHTs
Me

18 (89%) 19 (61%)° (dr=1.5:1)
(77%)9 (dr=2.2:1)

/ o AN .
, \/L Ay o

21 (85%)

«uNHTs = §

20 (87%)° (dr = 6:1) *
(72%)9 (dr = 1:2)

“24 h at 60 °C. “Obtained as a smgle diastereomer. “Yield reported for
the mixture of diastereomers. “Reaction conducted with (n-
Bu),NHSO, omitted.

examples using alkynyl/alkenylzinc reagents or alkynyl/alkenyl
boronates for this transformation. Ethynyltrimethylsilane borate
reacted as well to give S in 56% yield. Less reactive aliphatic
alkynyl borates required a higher temperature and longer time to
afford adducts 6 and 7. Aryl and heteroaryl borates to afford
synthetically useful f,f-biaryl amines were next tested. The
LiClO,/(n-Bu),NHSO, catalytic system also promoted the
nucleophilic addition of electron-rich aromatic borates (8—13)
in moderate to good yields. The steric hindrance of o,0-
disubstitution on a mesityl nucleophile was not an issue (9).
Heteroaryl borates afforded products 11—13 in acceptable yields.

Next, the aziridine scope was investigated with phenylethynyl
trifluoroborate and a variety of aziridines. The reactions
proceeded smoothly to give products in good to excellent yields
with complete regioselectivity and high diastereoselectivity in all
but one substrate. Aziridines with aromatic rings bearing either
an electron-donating or an electron-withdrawing group reacted
similarly (compare 14 and 15 to 4). 2-Naphthylaziridine reacted
as well to give 16 in 80% yield. The reaction is not limited to
monosubstituted aziridines; 1,2-disubstituted aziridines per-
formed similarly. The aziridine derived from trans-f-methylstyr-
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ene provided exclusively syn-17 in 90% yield. Aziridines derived
from dialin and indene gave trans-products 18 and 20 as the
major diastereomers, respectively, in excellent yields. It should be
noted that the major diastereomers of 17 to 20 were formed by
stereoinversion in the nucleophilic addition. Surprisingly, the
absence of (n-Bu),NHSO, produced significantly more cis
product, which was the major product for 20. Interestingly, the
aziridine derived from trans-stilbene underwent a 1,2-phenyl shift
prior to the nucleophilic addition to afford adduct 21 in 85%
yield, which was confirmed by single-crystal X-ray crystallog-
raphy. An allylic substrate gave homoallylic amine 19 in 61%
yield with a trans/cis ratio of 1.5:1. Unfortunately, aziridines with
saturated aliphatic substituents did not afford -amine products.

Because the intrinsic ring strain of aziridines is believed to
facilitate the formation of the new C—C bond, we looked next to
N-tosylazetidine electrophlles since they exhibit similar ring
strain to aziridines."' The azetidine 22 (R Ph), which could
easily be accessed by reported procedures,'” reacted with various
trifluoroborates to afford a variety of y,y-substituted amines
(Scheme 3). Styrenyl trifluoroborate gave y,y-substituted amine

Scheme 3. Scope of the Reaction with Azetidines

SN
R CH,Cly, 0 °C, 5-8 h R’ NHTs

23a,R=H (84%) 23d,R=Cl (68%)

wnre 230, R=F  (89%) 23e, R =CF3 (88%)
23c,R= Me 71%

TsN R’-BF3K (1.5 equiv), LiClO4 (0.5 equiv)

(n-Bu)4NHSOy4 (0.5 equiv)

NHTs NHTs
24 (90%) 253 R =0OMe (65%)
25b,R=F (92%

/\/\ NHTs N”TS :©)\/\NHT5

5% MeO (70%) (69%)

NS NHTs I NHTs
$ 29 (65%) PhOSN— 30 (51%)

NHTs %NHE

(85%) 33 (92%)

31a, R=0Me (70%)
31b, R=Cl (72%)
31c, R=tBu (90%)

NHTs 4

Ph 32

23a in 84% yield. Again, reaction yields were largely unaffected
by the substituents at the para-position of the aromatic ring
(23b—e). As was the case for aziridines, alkynyl trifluoroborates
generally afforded product in good to excellent yields (24—26).
Though ethynyltrimethylsilane trifluoroborate reacted less well,
product 26 was still obtained in a useful 65% yield. A range of
electron-rich aromatic and heteroaromatic nucleophiles afforded
7,7-biaryl products 27—30 with satisfactory yields. The scope of
the reaction with regard to the azetidine was also investigated.
With the representative phenylethynyl trifluoroborate, good to
excellent yields of the products 31—33 were obtained for all
azetidines, even with a sterically hindered mesitylene (33).

To highlight the practicality of this method to synthesize
substituted amines, the reaction was conducted with S mmol (>1
g) of aziridine 1 and phenylethynyl trifluoroborate under open-
air conditions at room temperature. It proceeded cleanly and was
complete in 3 h to afford 4a in 71%, which was obtained by
simple recrystallization (Scheme 4).

Scheme 4. Large-Scale Production of Amine 4a

Ph—=—=—BF;K
1 ! LiCIO, (0.5 equiv)
———
(n-Bu)4NHSO4 (0.5 equiv) Ph
CH,Cly, 3h, 23 °C
(5 0 mmol) (1.332g)

Open air 71% Isolation via recrystalhzatlon
No column chromatography

To gain insight into the reaction mechanism, enantiomerically
pure aziridine (R)-1 was reacted with phenylethynyl trifluor-
oborate under the optimized conditions. The product 4a was
obtained in 91% vyield with an enantiomeric ratio of 37:63
(Scheme S). The partial loss of enantioenrichment in the product

Scheme S. Proposed Reaction Mechanisms

o 86 o ]
\ \\
°=s’°\Li—| O=g~ Li—l
Ts 0 o 0 o
N > \ I —= \ I
LiHSO,4 C‘N’s\to H\N,S‘:o
Ph*(R)1 1 it \ Ar Ho, \ Ar
er>99:1 Ph7® 34 Pi"®  3p
LiCIO, + (n-Bus)NHSO, R
BF3K
yield er /
catalyst of4a of4a Ph
LiCIO4/(n-Bu),NHSO, 91%  37:63 Ph
(n-Bu),NHSO,  77%  31:69 /k/NHTS
Liclo, 6% 6130 pp 7 4a
......................... D
X Li X I_I\
Ts LiCIO, N BeF3 ‘0 \QF o
L, — (7.8
o (NSO NZS<0
(R)1 Ar H:/_/ Ar
Ph P @

4a suggests that the reaction initially proceeds via an
intermediate with significant carbocationic character. While (n-
Bu),NHSO, gave a similar outcome, when using only LiClO, as
the catalyst, a surprising inverted enantiomeric ratio of 61:39 was
seen. In the presence of HSO, ™, primarily stereoinversion is seen
(17-20), while LiClO, alone must then favor stereoretention.
When the aziridine (R)-1 was treated with the co-catalysts and
without the organoborate nucleophile, a slow racemization of the
aziridine was observed (see the Supporting Information (SI)).
The rate of nucleophile addition to (R)-1 (>60% within S min) is
much faster than that of racemization (99% to 25% ee in 14 h).

On the basis of the results of these control experiments, a
proposed mechanism is shown. Since the combination of LiClO,
and (n-Bu),NHSO, gives a significant reaction rate acceleration
compared to LiClO, or (n-Bu),NHSO, alone, it is possible that
ion exchange between LiClO, and (n- Bu)4NHSO4 occurs to
generate bifunctional catalyst LIHSO, in situ.'® The coordination
of LiHSO, to aziridine 1 could form species 34 where partial
bond fragmentation has been initiated. An intermolecular
nucleophilic attack of the organotrifluoroborate then generates
amine 4a. The proposed carbocation intermediate 35 is evident
from the slow loss of enantioenrichment of (R)-1 in control
experiments. However, the observed diastereoselectivity in the
formation of 17—20 suggests that an Sy2-like mechanism
predominates in the attack of 34. To explain the stereoretention
observed with only LiClO,, we hypothesize that the trifluor-
oborate is initially located on the same face as the lithium-
coordinated tosamxde through electrostatic attraction in the
nonpolar solvent."* When the aziridine opens, C—C bond
formation would then take place from that face. More detailed
control experiments to evaluate this case are ongoing.
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To illustrate the utility of the reaction products, iodocycliza-
tion and cycloaddition transformations have been performed
(Scheme 6). In the presence of I, and NaHCOj, the products 3a

Scheme 6. Product Transformations

Ph

I, Ph
= K3
NHTs I, (3 equiv), NaHCO3 (3 equiv) Ph NTs
Ph n n

CH4CN, 12 h, 23 °C

32 n=1 38a, n=1 (89%)
23a, n=2 38b, n=2 (81%)
I, (3 equi 1) Pd(OAC)z (10 mol %)
1 Ph Kzéc()3 (:?Z’Ju)iv) Ph TFAICH.Cl, 23°C . 48h  p&_ /7"
t( AgOAc (3 equiv) | | 70% Q
NTs € —
Ph 2) AgSbFg, Ph—= =
CHCN, &, 0-23%C NHTs )cg G509, 38n Ph
39 83% Ph R 40
4a 75% (Azepine core)

and 23a smoothly underwent iodocyclization to form iodo-
substituted pyrrolidine 38a and piperidine 38b in 89% and 81%
yields, respectively.”> When using alkynyl amine 4a for
iodocyclization, AgOAc was needed to improve the reaction
rate and yield;'® the iodopyrroline 39 was thus obtained in 83%
yield. Importantly, azepine derivatives can be constructed
efficiently and selectively. After a y-amino ketone intermediate
was formed by a hydration reaction of the amine 4a, it underwent
a AgSbF-catalyzed [S + 2]-cycloaddition with phenylacetylene
to afford synthetically useful azepine 40 in 75% yield."”

In conclusion, we report a general procedure to synthesize f,4-
and y,y-substituted amines by nucleophilic ring opening of
aziridines and azetidines under transition-metal-free and open-air
conditions. A range of substituted amines could be straightfor-
wardly accessed from readily available alkynyl, alkenyl, aryl, and
heteroaryl trifluoroborates. A mechanistic proposal has been
made on the basis of control experiments. The reaction products
can be easily transformed to useful amine scaffolds.
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