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Abstract The development of catalytic, enantioselective halofunction-
alizations of unactivated alkenes has made significant progress in re-
cent years. However, the identification of generally applicable catalysts
for wide range of substrates has yet to be realized. A detailed under-
standing of the reaction mechanism is essential to guide the formula-
tion of a truly general catalyst. Herein, we present our investigations on
the enantiodetermining step of a Lewis base catalyzed bromocy-
cloetherification that provides important insights and design criteria.
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Electrophilic functionalization, in particular halofunc-
tionalization of alkenes, is one of the basic reactions in or-
ganic synthesis and has developed over the years from simple
dihalogenation reactions to substrate-directed diastereose-
lective reactions and enantioselective halofunctionalisa-
tions.>2 However, catalytic, enantioselective variants
emerged only in the past few years and the field has attract-
ed significant attention as illustrated the appearance of sev-
eral review articles in the last few years.?

In this context, these laboratories have focused on the
development of the concept of Lewis base activation of
Lewis acids to effect catalysis with main-group elements.*
It has been already demonstrated that this concept can
serve as a basis for the development of enantioselective
Lewis base catalysis, e.g., for electrophilic seleno- and thio-
functionalizations.” Further investigations have demon-
strated that Lewis bases such as triphenylphosphine sulfide
(1), thiophosphoramide 2, and selenophosphoramide 3 act
as efficient catalysts for racemic bromo- and iodolactoniza-
tions of olefinic acids 4 to stereoselectively form brominat-
ed five- and six-membered (5 and 6) lactones via the inter-
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mediacy of bromiranium ions i (Scheme 1).% Catalytic, en-
antioselective bromoetherifications using chiral Brensted
acids have also been achieved.’
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Scheme 1 Lewis base catalyzed bromolactonization via bromiranium
ion formation

Successful  enantioselective  halofunctionalizations
therefore depend on chemical and configurational stability
of haliranium ions. In 2010, work from these laboratories
demonstrated that an inverse relationship exists between
chemical and stereochemical stability of such haliranium
ions.® The experiments involved the generation of enantio-
merically enriched haliranium ions (chloriranium and bro-
miranium) by means of solvolysis followed by a nucleophil-
ic trapping. Whereas chloriranium ions show the lowest
chemical stability, their enantioselective formation and nu-
cleophilic opening proceeds without loss of enantiomeric
purity. With the more stable bromiranium ions an erosion
of enantiomeric purity was observed. This is caused by an
alkene-to-alkene exchange mechanism as was first demon-
strated by Brown.® These observations have an important
implication for the catalytic formation and capture of these
ions. In the case of chloriranium ions the enantioselectivity
can be controlled only during their formation. In contrast,
reactions involving bromiranium ions may be controlled by
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either a dynamic asymmetric transformation with a chiral
catalyst or by catalyst suppression of racemization to
achieve high selectivity control over the overall process.*
In 2014 Yeung et al. reported an interesting example of a
chiral Lewis base catalyzed enantioselective bromocy-
cloetherification of olefinic 1,3-diols 7 using chiral tetrahy-
drothiophenes 8 as the catalyst.!® It was striking that only
symmetrical 1,3-diols such as 7 are viable substrates to
form cyclic ethers 9 enantio- and diastereoselectively
(Scheme 2). On the basis of the proposed mechanism, there
is no reason to expect that simple alcohols such as 10
should not undergo the same transformation.!’ Therefore,
we attempted the enantioselective bromocycloetherifica-

Br
Ph 8 (0.1 equiv), NBS (1.0 equiv) A
\[(\(\OH CICH,CO3H (1.0 equiv) Phv
OH CHClp, -78 °C, 18 h
100% conversion, d.r. 9:1
e.r. = 77:23 (Iit."° 85:15)

8 (0.1 equiv), NBS (1.0 equiv)

CICH,CO,H (1.0 equiv) Br o
CHoCl,, ~78°C, 18 h %

100% conversion, e.r. = 50:50

Scheme 2 Chiral tetrahydrothiophene 8 catalyzed enantioselective
bromocyclization of 1,3-diols and racemic bromocycloetherification of
simple olefinic alcohol 10a using N-bromosuccinimide (NBS) and chlo-
roacetic acid

8 (0.1 equiv), NBS (1.0 equiv)
CICH,CO2H (1.0 equiv)

CH,Cl,, 78 °C, 18 h

J Suggested mechanism via
TBSO' BSO bromiranium ion formation as
stereodetermining step (Pathway B)

tion of the simple alcohol 10 using catalyst 8 and were sur-
prised to find that this reaction delivered only racemic
product 11 (Scheme 2).

On the basis of these results, it was plausible to argue
that the formation of a bromiranium ion might not be the
enantiodetermining step of this transformation. Instead, it
seems possible that this process might proceed through an
enantiotopic group discrimination mechanism, in which
the alkoxy hypobromite formation is the stereodetermining
first step. This hypobromite then reacts with the olefin in-
tramolecularly, forming a bromiranium ion which is then
captured by a nucleophilic attack of one of the alcohol
groups. This hypothesis would explain why alcohol 10 cy-
clizes to the racemic product 11 because an achiral alkoxy
hypobromite is formed, thus rendering the following reac-
tion steps unselective.

To gain insight into the reaction mechanism, racemic,
monoprotected alcohol 12 would be subjected to the bro-
mocycloetherification reaction conditions. The goal of this
experiment was to distinguish between the two possible
reaction mechanisms. In principle, the non-racemic bromo-
cycloetherification can proceed by an enantiotopic group
differentiating alkoxy hypobromite formation (pathway A)
or by an enantioselective bromiranium ion formation
(pathway B) as the stereodetermining step (Scheme 3).

In the case of an enantioselective bromocycloetherifica-
tion through a stereodetermining hypobromite formation
(pathway A) the first step would set the initial stereogenic
center at C-2. The following intramolecular bromiranium
ion formation, which sets the stereogenic center at C-4, and
intramolecular nucleophilic capture should proceed with
high diastereoselectivity as it is observed for diol 7. Thus, an
enantioselective formation of alkoxy hypobromite ii would
not only set the absolute, but also the relative configuration
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Scheme 3 Proposed mechanistic pathways for an enantioselective bromocycloetherification desymmetrization of olefinic 1,3-diols with a enantiotopic
group differentiating hypobromite ii formation as the stereodetermining step (pathway A) and an enantioselective bromiranium ion iii formation as the

stereodetermining step (pathway B).
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of 13, this pathway should deliver the product as an enan-
tioenriched single diastereomer at 50% conversion. Howev-
er, at 100% conversion, diastereomerically enriched but ra-
cemic product 13 would be expected (Scheme 3).

If the bromocycloetherification of alcohol rac-12 is pro-
ceeding by an enantioselective bromiranium ion iii forma-
tion (Scheme 3, pathway B), then the product mixture of 13
and 14 should be composed of two enantioenriched diaste-
reoisomers. In such case the enantioselectivity would be
controlled by the catalyst, whereas the diastereoselectivity
would be dictated by the substrate. At this point it is as-
sumed that the similarity of the two functional groups (OH
vs. OTBS) and their distance to the newly formed bromiran-
ium ion should lead to low diastereoselection.

The bromocycloetherification of racemic, monoprotect-
ed diol rac-12, under the conditions shown in Scheme 4,
gave after full conversion a 41:59 mixture of two diastereo-
isomers (13/14) as determined by 'H NMR analysis.'? After
removal of the TBS group by treatment with TBAF (see Sup-
porting Information for details), the relative and absolute
configurations were assigned by comparison of 'H NMR and
HPLC data to previous experiments and to previously pub-
lished results by Yeung et al.'®!! Both diastereoisomers 13
and 14 were formed with an enantiomeric ratio of 60:40,
which was also determined after the TBS-group cleavage.

The initial bromiranium ion formation can fundamen-
tally occur with four different rates k,-k,, which define the

B
8 (0.1 equiv), NBS (1.0 equiv) ' (o)
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Scheme 4 Mechanistic probe reaction set up to investigate the enan-
tiodetermining step of the Lewis base catalyzed bromocycloetherifica-
tion
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enantiomeric and diastereomeric outcome of the reaction
and are represented by the concentrations of isomers I-IV.

The enantiomeric composition of the diastereoisomers
13 and 14 is then given through: e.r. (13) = k,/k,, and e.r.
(14) = ky/k;. The diastereomeric ratio is defined through:
d.r. (13/14) = (k, + k,)/(k; *+ k3) (Scheme 5). Since the start-
ing material is racemic, the sum of isomers I and III should
be equal to the sum of isomers II and IV. The concentration
of all isomers can be individually calculated by multiplying
the enantiomeric ratios with the diastereomeric ratios, re-
spectively, as shown in Table 1.

Table 1 Enantiomeric and Diastereomeric Ratios of the Isomers I-IV

Isomer er. d.r. er.xd.r
I 0.6 0.59 0.354
m 0.4 0.59 0.236
[ 0.4 0.41 0.164
[v] 0.6 0.41 0.246

[1] +[M] = 0.354 +0.164 = 0.518
(1] +[IV] = 0.236 + 0.246 = 0.482

This result shows that the observed ratios are in good
agreement (0.52 = 0.48) with a bromocycloetherification
mechanism based on an enantioselective bromiranium ion
formation (pathway B) as depicted in Scheme 3. A possible
racemization by an olefin-to-olefin interchange of bromira-
nium ions does not interfere with the drawn conclusions.

Therefore, the hypobromite formation can be ruled out
as the productive mechanism for an enantioselective bro-
mocycloetherification via an enantiotopic group discrimi-
nation process (pathway A). At the same time, the data pro-
vided in Table 1 is in good agreement with an enantioselec-
tive bromiranium ion formation (pathway B) as the
enantiodetermining step. However, this conclusion still
does not provide an explanation for why the simple alcohol
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Scheme 5 Mechanistic analysis for an enantioselective bromocycloetherification with stereodetermining bromiranium ion formation (pathway B)
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10 does not undergo an enantioselective bromocycloetheri-
fication. A possible explanation could be connected to the
rate with which the intramolecular nucleophilic attack on
the bromiranium ion takes place. If the attack is slower than
the racemization of the bromiranium ion by olefin-to-olefin
interchange, the product would be a racemic. Therefore, the
reason for the observed enantioselectivity for substrate 7,
or the lack of thereof in substrate 10, might arise from in
the increased rate of cyclization owing to the Thorpe-In-
gold effect in substrate 7a.'® To test this hypothesis, a short
substrate survey was conducted with three different simple
alcohols 10, 15, and 17 (Scheme 6).

MOH
Ph

8 (0.1 equiv), NBS (1.0 equiv)
CICH,CO2H (1.0 equiv)

P/BO
o
CHoClz, ~78 °C, 18 h sl ©

10 100% conversion, e.r. = 50:50 1
8 (0.1 equiv), NBS (1.0 equiv) Ph
CICH,CO2H (1.0 equiv)
Ph OH
>< CHxClp, 78 °C, 18 h B O
r
15 100% conversion, e.r. = 64:36 16
8 (0.1 equiv), NBS (1.0 equiv)
M/ CICH,COH (1.0 equiv) P/h)()L
OH
Ph CHyCl,, =78 °C, 18 h 0
Br
17 100% conversion, e.r. = 68:32 18

Scheme 6 Enantioselective bromocycloetherification of gem-dimeth-
yl-containing olefinic alcohols

In contrast to the primary alcohol 10 which cyclized to
form racemic product 1, tertiary alcohol 15 cyclized to form
product 16 with an enantiomeric ratio of 64:36. This result
further supports pathway B (chiral bromiranium ion forma-
tion as the enantiodetermining step) as the primary mech-
anism. Finally, neopentyl alcohol 17 (containing two meth-
yl groups in the B-position) afforded cyclization product 18
with an enantiomeric ratio of 68:32. These observations
clearly underline the fact that the Thorpe-Ingold effect
plays a major role for the enantioselectivity of this type of
reaction.!?

Because substrate 17 is clearly viable, an additional op-
timization of reaction conditions was conducted (see Sup-
porting Information for details). These investigations
showed that the reaction conditions employed were indeed
suitable for achieving high conversion. In a recent study,
Yeung and his group investigated the influence of catalyst
structure, temperature, addition sequence of components,
catalyst loading, and MsOH additive on the outcome of the
bromocycloetherification of olefinic 1,3-diols.!’ However,
we also found that the enantioselectivities observed in the
bromocycloetherification are strongly dependent on the
water content of the solvent used. All experiments de-
scribed in this study were conducted in dichloromethane
freshly taken from a solvent-drying system. However, rigor-
ously dried dichloromethane (using highly activated molec-

ular sieves) led to reduced enantioselectivities. This surpris-
ing observation implied an unexpected role for water as the
reaction medium, something not accounted for in any
mechanistic rationalization.

Therefore, dichloromethane with varying water content
was prepared and tested in the enantioselective bromocy-
cloetherification (Table 2). It was very surprising to find
that the highest enantioselectivity was observed with di-
chloromethane saturated with water. An explanation for
this behavior is obscure at this time.

Table 2 Influence of Water Content on the Enantioselectivity of the
Lewis Base Catalyzed Bromocycloetherification of 17

8 (0.1 equiv), NBS (1.0 equiv) Ph
CICH,CO2H (1.0 equiv,
MOH >CO-H ( quiv)
Ph CH,Cl,, —78 °C, 18 h 5 ©
17 18

Entry Water content Source Conversion e.r.c

(ug/mLy? (%)
1 0 dried with 4A MS 100 53:47
2 8 fresh from SDS 100 68:32
3 48 water added 100 68:32
4 112 water added 100 70:30
5 416° commercial bottle 100 74:26
6 1985° saturated with water 100 74:26

2Determined by Karl-Fischer titration.
b Determined by 'H-NMR analysis of the crude reaction mixture.
¢ Determined by CSP-HPLC.

Table 3 Bromocycloetherification of 17 Catalyzed by Chiral Tetrahy-
drothiophenes

19 (0.1 equiv), NBS (1.0 equiv) Ph
Jk></ CICH,COH (1.0 equiv)
OH
Ph le}

CHyClp, =78 °C, 18 h

17 18
Ph Ph
e
19
Ph Ph
Entry Catalyst Conversion (%)? e.rp
1 8 100 74:26
2 19 100 49:51

2 Determined by "H-NMR analysis of the crude reaction mixture.
b Determined by CSP-HPLC.

With the optimal substrate and the optimized reaction
conditions in hand a second catalyst survey was conducted
(Table 3)."* For all further experiments dichloromethane
with a water content >500 ug/mL was used.

For these experiments, two different C,-symmetric tet-
rahydrothiophenes were tested. These results, together
with similar results published by Yeung et al.,! clearly indi-
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cate that a tetrahydrothiophene core structure alone in the
catalyst is not sufficient for an enantioselective reaction.
The primary difference between these catalyst structures is
the presence of the phenolic ethers in catalyst 8 which is
absent in catalyst 19. Thus, it is possible that a second Lewis
basic coordinating side in the catalyst's structure is neces-
sary for observable enantioselectivities.

To test this hypothesis, a new family of catalysts was en-
visioned that could incorporate the additional coordinating
group into the structure. Chiral thiophosphoramides and
selenophosphoramides were identified as these functional
groups proved to be effective catalysts for these types of
transformations.® To enable introduction of the second co-
ordinating site, a number of bisimidazoline-based catalysts
20 and 21 was prepared in which the bridging carbon could
be functionalized with different substituents.

The evaluation of the enantioselective bromocy-
cloetherification of 17 began with thiophosphoramides
20a-f which were ineffective as Lewis base catalysts for the
reaction (Table 4, entries 1-6). All thiophosphoramides 20
gave very low conversions (less than 28%) and none provid-
ed any enantioselection.

Next, chiral selenophosphoramides 21a-1 were investi-
gated. The selenophosphoramides were considerably more
effective catalysts than the thiophosphoramides and led to
a clean and full conversion in almost all cases. Additionally,
several catalysts showed moderate to good enantioselectiv-
ities. The results obtained with catalysts 21a vs. 21c and
21b vs. 21d (Table 4, entries 7-10) clearly show that the
steric effect of the groups attached to the backbone of the
catalysts (i.e., methyl vs. propyl) did not play a critical role
for the reactivity or enantioselectivity. On the other hand,
the steric effect of the groups attached to the external ni-
trogen (methyl vs. isopropyl, Table 4, entries 16 and 17)
does have a major influence on the enantioselectivity. This
trend is visible with almost all catalysts explored in this
study. Most interestingly, catalysts 21k and 211, with a me-
thoxyethyl group attached to the backbone, afforded the
highest selectivities, while maintaining very high reactivity.
These results clearly support the hypothesis that an addi-
tional coordination side in the structure of the catalysts
plays an important role for the stabilization of the interme-
diate bromiranium ions, preventing them from a racemiza-
tion via an olefin-to-olefin transfer as shown in Scheme 7.
However, we cannot rule out the possibility of a dynamic,
kinetic asymmetric transformation in which the catalyst-
bromiranium ion assembly undergoes equilibration, though
if that were operative, then enantioselectivity should be ob-
served with substrate 10.

In conclusion, we have shown that bromiranium ion for-
mation is most likely the enantiodetermining step in the
Lewis base catalyzed enantioselective bromocycloetherifi-
cation of Yeung's substrate 7. We have also been able to
identify that fast nucleophilic attack on the bromiranium

Cluster
Table 4 Survey of Seleno- and Thiophosphoramides as Chiral Catalysts

cat. (0.1 equiv), NBS (1.0 equiv) pp
M/OH CICH,COZH (1.0 equiv
Ph o)
r
18

)
CH,Clp, -78 °C, 18 h B

R' R cat. R' R
N\\RQFN N _
Phi- \)—-Ph Ph—</ Ph
N< pe N N N
A 3 X
P NE Pn or PR NE Ph
RE' \RZ RZ’ \RZ

(5555 20(E=S),21(E=Se) (RRRR)

Entry Catalyst R’ R? E Conversion e.r.’
(%)

1 20a(R) GH, CH(CHs), S 2 50:50

2 20b(R) GH, C,H,OCH, S 0 -

3 20c(R) CH,OCH; CH, S 28 50:50

4 20d(R) CH,OCH, CH(CH,), S 0 -

5  20e(S) CH,OCH; CH, S 0 -

6 20f(R) CH, ~(CHy)s- s <10 50:50

7 21a(5) CH, CH, Se 100 49:51

8§ 21b(S) CH, CH(CHs), Se 100 38:62

9 21c(R) GH, CH, Se 100 49:51
10 21d(R) GH, CH(CH,), Se 100 62:38
11 21e(R) GH, C,H,0CH; Se 100 52:48
12 21f(R) CH,0CH, CH, Se 100 57:43
13 21g(S) CH,OCH; CH(CHs), Se 95 49:51
14 21h(S) CH,OCH; (R)}-CH(CHy)Ph  Se 100 49:51
15 21i(S) CH,OCH; (S)-CH(CH)Ph  Se 100 47:53
16 21k(R) GH,0CH; CH, Se 100 41:59
17 21(R) GH,0CH; CH(CH;), Se 100 21:79

2 Determined by TH-NMR analysis of the crude reaction mixture.
b Determined by CSP-HPLC.

ion and the presence of water is the key for high enantio-
meric ratios observed. Two possible strategies to overcome
the intrinsic low configurational stability of bromiranium
ions were identified. First the Thorpe-Ingold effect, which
leads to an increased cyclization rate, can be applied to
achieve modest enantioselectivities. Second, stabilization of
the bromiranium ion through an additional donating group
in the catalyst's structure can effectively suppress the ole-
fin-to-olefin interchange racemization. To our knowledge
this strategy has so far not been explored in other designed
catalysts, even if first examples of bifunctional Lewis base
catalysts have been already published.!> So far neither strat-
egy alone is effective enough to provide good enantioselec-
tivities. It is hoped that the mechanistic insights presented
here will influence the future development of a truly ratio-
nally designed and general Lewis base catalyst which is ca-
pable of effecting a broad spectrum of enantioselective
halofunctionalizations of unactivated olefins.
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X o bromiranium ions
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Scheme 7 Mechanistic rationale for a suppressed olefin-to-olefin isom-
erization through a stabilization of the intermediate bromiranium ion
by a Lewis base catalyst with an additional coordination side in the cata-
lyst s structure
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NMR spectrum was collected to estimate conversion and
product distribution (d.r.). HPLC analysis was used to establish
the enantioselectivities. HPLC: 18 t; = 8.2 min; ent-18 t; = 8.8
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