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Abstract A high yielding synthesis of stilbene oxides using ammonium
ylides has been developed. It turned out that the amine leaving group
plays a crucial role as trimethylamine gives higher yields than DABCO or
quinuclidine. The amine group also influences the diastereoselectivity,
and detailed DFT calculations to understand the key parameters of
these reactions have been carried out.
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Onium ylides are versatile reagents for (dia)stereoselec-
tive epoxide, aziridine, and cyclopropane syntheses.!-'% In
contrast to sulfonium ylides, which are frequently used for
a variety of three-ring forming reactions,®> ammonium
ylides have been less routinely used in the past.*-® This is
mainly because of the weaker leaving group ability of the
amine group as compared to their sulfur analogues.!°

We have recently succeeded in developing a high yield-
ing and highly trans-selective epoxidation reaction using
amide-stabilised ammonium salts 1 as ylide precursors
(Scheme 1).7 Key to success in this transformation was the
use of trimethylamine as the amine leaving group of choice,
which was clearly superior to other tertiary amines such as
DABCO, quinuclidine, or triethylamine. Expanding the ap-
plication scope of this operationally simple method we be-
came interested in the synthesis of stilbene oxides 5, start-
ing from benzylic ammonium salts 4 (Scheme 1). This
transformation has been reported in the past using DABCO
and quinuclidine as the amino group.> However, it was
found that the nature of the leaving group, as well as the
electronic properties of the aryl group of the benzylic am-
monium salt 4 play a crucial role hereby. While electron-
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rich or phenyl-based ammonium salts 4 gave epoxides 5 in
up to 40% yields only (with a cis/trans ratio depending on
the leaving group ability), more stabilised ylides (with elec-
tron-withdrawing aryl substituents) allowed for higher
yields and higher trans selectivities.” Based on computa-
tional results, Aggarwal and co-workers explain the ob-
served generally low yields by the high barrier to elimina-
tion, which is a consequence of the poor leaving group abil-
ity of the amine group.> They also rationalize the observed
variations in diastereoselectivity according to the nature of
the substrate by the degree of reversibility in betaine for-
mation: reaction of stabilized ylides (substituted by elec-
tron-poor aryl groups) lead to reversibility of betaine for-
mation and high trans selectivity, whilst groups that desta-
bilize the ylide (electron-rich aryl groups) or reduce the
barrier to ring closure (better amine leaving group) lead to
reduced reversibility and lower diastereoselectivity.!!
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Scheme 1 Recent results in the field of ammonium ylide mediated ep-
oxidations and targeted (high yielding) synthesis of stilbene oxides 5
with trimethylamine-based ammonium salts 6.
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Based on these observations and our excellent previous
experience with trimethylamine-based ammonium salts,’
we became interested in investigating if the beneficial ef-
fect of this superior leaving group also holds for the synthe-
sis of stilbene oxides 5 and evaluating the effect of Me;N on
the diastereoselectivity of this reaction.

Initial experiments to identify the best suited condi-
tions for the reaction of the parent ammonium salt 6a (Ar =
Ph) with benzaldehyde (2a) showed that a combination of
t-BuOK as the base and THF as the solvent clearly outper-
forms other base/solvent systems. With these basic condi-
tions set, we then further fine-tuned the reaction condi-
tions and elucidated the scope of this transformation. Table

1 gives an overview of the most significant results obtained
in a rather detailed screening of different reaction condi-
tions and substrates. As shown in Table 1, entries 1-5, the
amount of base as well as the reaction temperature play a
significant role. For room temperature reactions it was
found best to use three equivalents of t-BuOK which al-
lowed for 69% isolated yield of a 61:39 trans:cis mixture of
5a (Table 1, entry 2), whereas a slightly higher temperature
of 40 °C allowed us to obtain 5a in an excellent 93% yield
and a slightly higher trans selectivity (66:34) when using
four equivalents of base (Table 1, entry 5). Noteworthy,
larger or lower amounts of base reduced the yields signifi-
cantly, either due to decomposition of the product or be-

Table 1 Syntheses of Epoxides 5 Using Trimethyl Amine Based Ammonium Salts 6

Bre o
R
6 2 (2 equiv) 5
Entry Ar R 5 t-BuOK (equiv) Temp (°C) trans:cis® Yield (%)°

1 Ph Ph 5a 2 25 61:39 42

2 Ph Ph 5a 3 25 61:39 69

3 Ph Ph 5a 4 25 61:39 36

4 Ph Ph 5a 3 40 63:37 37

5 Ph Ph 5a 4 40 66:34 93

6 Ph/DABCO salt Ph 5b 4 40 80:20 41

7 Ph/Et;N salt Ph 5b 4 40 89:11 31

8 4-0,NCeH, Ph 5b 4 40 n.d.c 0¢

9 4-0,NCeH, Ph 5b 3 25 95:5 194
10 4-F3CCH, Ph 5¢ 4 40 >99:1 97
11 4-BrCgH, Ph 5d 4 40 91:9 89
12 4-FCgH, Ph Se 4 40 55:45 94
13 3-MeOCgH, Ph 5f 4 40 73:27 97
14 4-MeCgH, Ph 5q 4 40 47:53 52¢
15 Ph 4-MeOCgH, Sh 4 40 68:32 88
16 Ph 2-MeOCgH, 5i 4 40 41:59 83
17 Ph 4-Me,NCgH,4 5j 4 40 86:14 99
18 Ph 4-MeCgH, 5q 4 40 60:40 16
19 Ph 4-MeCgH, 5q 3 25 64:36 66
20 Ph 4-BrCgH, 5d 4 40 60:40 90
21 Ph 4-CICgH, 5k 4 40 64:36 81
22 Ph 4-NCCgH, 51 4 40 50:50 26
23 3-MeOCgH, 4-BrCH, 5m 4 40 66:34 84
24 4-F,CCH, 4-BrCH, 5n 4 40 97:3 55
25 Ph Cy 50 4 40 62:38 8

2 Determined by 'H NMR on the crude product.

®n.d. = not determined.

¢lsolated yield of the mixture of both diastereomers.

4 Epoxide 5b decomposition under the basic conditions.

¢ Partial oligomerization of 6g under the basic conditions.?
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cause of insufficient reactivity when using less base. In ad-
dition, longer reaction times usually had no positive effect,
even in those cases where conversion was slow.

To illustrate the different leaving group ability of trime-
thylamine compared to DABCO and triethylamine, we also
used the analogous ammonium salts under the optimized
conditions (Table 1, entries 6 and 7). These experiments
clearly demonstrate the significantly higher yield using
trimethylamine but also showed that with this more reac-
tive system the diastereoselectivity slightly decreases, giv-
ing increasing amounts of the cis epoxides.

Having identified simple conditions that allowed for
high yields within a short reaction time, we next tested a
variety of differently substituted ammonium salts 6 (Table
1, entries 8-14) and various aromatic aldehydes 2 (Table 1,
entries 15-24). Except in the case of electron-poor aryl
groups (Table 1, entries 8 and 9) and/or electron-poor aryl
aldehydes (Table 1, entry 22), for which 2 and 5 are prone to
decomposition under the basic conditions, a variety of dif-
ferently substituted aryl groups are well accepted in this re-
action. Yields for epoxides 5 starting from electron-rich and
electron-neutral substrates were equally high, apart for 5g
synthesized from ammonium salt 6g (Table 1, entry 14),
which tends to oligomerize under the basic reaction condi-
tions.’? As expected, the diastereoselectivity strongly de-
pends on the electronic properties of the ammonium salt,
with more stabilized ylides (obtained from 6 with electron-
poorer aryl groups) gave higher trans selectivities. The op-
posite (but less pronounced) trend was observed by chang-
ing the nature of the aldehyde 2. Hereby, less reactive elec-
tron-rich aryl groups (i.e., Table 1, entries 15 and 17) give a
higher trans selectivity than electron poorer ones (Table 1,
entry 20). Unfortunately, using cyclohexane carbaldehyde
as the acceptor mainly resulted in decomposition, giving
only minute amounts of the corresponding epoxide 50 (Ta-
ble 1, entry 25).

In order to investigate the origin of the observed better
yield and lower diastereoselectivity using the trimethyl-
amine-based ylide, as compared to DABCO, quinuclidine,
and Et;N derivatives, we carried out DFT calculations. We
have computed the free energy profile of the reaction of
PhCHNMe; ylide with benzaldehyde at the B3LYP-D3/6-
311+G**(DCM)//B3LYP/6-31G*(DCM) level of theory (Table
2 and Figure 1).'* For purpose of comparison with Aggarw-
al’s results, we also considered DABCO and quinuclidine de-
rivatives.>

Our calculations are in good agreement with the previ-
ously predicted (partial) reversibility of betaine formation
in reaction of quinuclidine-based ylide and the less or non-
reversible addition step in the case of Me;N and DABCO de-
rivatives.'* While for trimethylamine-based ylides this re-
duced reversibility in betaine formation can be accounted
for by a better leaving group ability (see free energy barri-

TSelim
TSadd TSrot 3.1

syn betaine

cis epoxide
trans epoxide ——

—26.3
epoxide

Figure 1 Calculated free energy profile (kcal/mol) for the epoxidation
reaction between PhCHNMe; ylide and benzaldehyde. See Supporting
Information for the estimation of free energy barrier to addition.

ers from anti-betaine in brackets in Table 2), for DABCO de-
rivatives the main reason is in fact a more exothermic beta-
ine formation.

Accordingly, the generally low diastereoselectivity ob-
served in reaction of trimethylamine-based ylides can be
accounted for by a less reversible addition step which is
therefore the selectivity determining step. This latter in-
volving no significant barrier,'” it is expected to occur with
no (or very low) selectivity. Conversely, for quinuclidine-
based ylides the addition is predicted to be (partially) re-
versible, meaning that selectivity must be determined at
the elimination step, which explains the high preference for
trans-epoxides in this case.

The observed increase in trans diastereoselectivity with
electron-withdrawing character of ylide substituents (see
Table 1, entries 7-9) can be explained by their impact on
the degree of reversibility of addition, and hence on the ori-
gin of the selectivity-determining step. Indeed, stabilization
of the ylide by EWG increases addition reversibility because
of a less exothermic betaine formation and an increased
free energy barrier to elimination'® (Figure 2). In the case of
EWG substitution, selectivity is thus determined at the
elimination step, and the predicted relative higher stability
of trans-TSelim over its cis isomer (by 1.9 kcal/mol for 4-
F;CCsH,CHNMe; ylide) accounts for the observed high se-
lectivity.

In terms of yield, the better results obtained for reaction
of Me;N-based ylides, as compared to DABCO and quinucli-
dine derivatives, can be explained by the higher reactivity
toward epoxidation of the former due to a better leaving
group ability, which then decreases the occurrence of com-
petitive degradation reactions.!”

One very versatile strategy to carry out ylide-mediated
epoxidations without the need of strong basic conditions
relies on the use of diazo compounds as ylide precursors.
This strategy is commonly used for sulfonium ylide mediat-
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Table 2 Computed Relative Free Energies (kcal/mol)

NR NR
Ph@%e Rot, H@SPh Elim. 0
Add. - — .
® 7 Ph H Ph H Ph ““Ph
NR3 / H ey trans
Ph (€] syn betaines anti betaines
+ ® ®
PRCHO N Moo mot pn % Eim, 0
Add. @ -— @ — I\
Ph H Ph H Ph Ph
Ph e cis
R;N = MesN quinuclidine DABCO
trans cis trans cis trans cis
TSadd -2 —a -a _a _a _a
syn betaine -7.7 -7.9 -8.8 -9.1 -15.8 -15.9
TSrot 1.6 -0.3 n.d.b n.d.b n.d.b n.d.b
anti betaine -2.1 -1.2 -3.6 -2.6 -10.3 -9.1
TSelim 1.8 (3.9)¢ 3.1(4.3) 2.8 (6.4) 5.5(8.2)c -4.2 (6.1)° -1.4(7.7)¢
Epoxide + R3;N -26.3 -23.1 -22.8 -19.6 -31.5 -28.3

2 Betaine formation occurs without enthalpic barrier.™
b n.d. = not determined.
¢ Free energy barrier from anti betaine reported in brackets.

ed epoxidations, where the diazo compound can be used to
obtain ylides in situ upon reaction with a metal catalyst
(usually Rh- or Cu-based) and a (catalytic amount of) sul-
fide as was impressively shown by Aggarwal’s group.!® In-
terestingly, it was also shown that by changing from sulfo-
nium to tellurium ylides,'® the corresponding alkenes are
obtained instead of the epoxides. Much to our surprise (and
to the best of our knowledge) no analogous reports for am-
monium ylides have been reported so far. We thus tested

Decelerated
elimination

the feasibility of such a transformation by using phenyldia-
zomethane 7 in combination with Rh,(OAc), and DABCO (8)
as the amine component (Scheme 2). After thorough
screening of different conditions, we found that such a re-
action is possible in principle, albeit with low yield only.
These low yields can mainly be attributed to rather pro-
nounced side-reactions such as the dimerization of the di-
azo compound to stilbene derivatives or different carbene
insertion products. Also, variations of the metal catalyst or
the in situ generation of the diazo species under phase-
transfer conditions (as reported previously'®d) were not
beneficial. Attempts to use the amine component in a cata-
lytic fashion also were not very successful. Thus, it can be
concluded that, although possible, the use of diazo com-

TSadd
ey o e
ML, PhHC—NR3
RCHN, ArCHO
keal/mol =
0 ca/nro/ 05 o
4-CF4-CgHg N7~ synbetaine Na A
g ﬁ PhHC=ML, NRq R Ar
I
PRCHO|  Addition Rha(OAC)s
less exothermic Py N (2 mol%) O
N Ph” SN, + ArCHO  + \7 PAG
. 159 N 24n,25°c Ph Ar
cisepoxide  ---- ) 7 2 (2equiv) 8 (1 equiv) MeCN 5
trans epoxide —— -19.3
epoxide Ar = Ph: 25%, trans:cis = 63:37

Figure 2 Effect of EWG substitution. Calculated free energy profile
(kcal/mol) for the epoxidation reaction between 4-F;CCgH,CHNMe;
ylide and benzaldehyde.

Ar = 4-CN-CgHy: 10%, trans:cis = 97:3
Ar = 4-Br-CgHy:  12%, trans:cis = 90:10,

Scheme 2 Syntheses of epoxides 5 using phenyldiazomethane 7 as the
ammonium ylide precursor
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pounds as ammonium ylide precursors for epoxide forma-
tions is not as effective as the comparable use for sulfonium
ylide mediated reactions.

In conclusion, a high-yielding protocol for the synthesis
of stilbene oxides using ammonium ylides has been devel-
oped.’®20 The nature of the amine leaving group plays a cru-
cial role herein and it was found that trimethylamine gives
significantly higher yields than DABCO or quinuclidine. The
nature of the amine group also influences the diastereose-
lectivity in these reactions. A detailed DFT study allows un-
derstanding the different yields and selectivities when us-
ing different amine leaving groups and aryl substituents.
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