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Summary: Atroposelectwe addttiun and cycloaddmon reacnons of N-2- ( tert-
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uu:ytprlié'ﬂyL;- and N-2,5- (ut eri- uuz_ycpm,u vummmmzue and a substituted derivative have
been studied. Good to excellent stereoselectivities are generally observed, and high
rotation barriers (about 29 kcal/mol) prevent the products from interconverting. Crystal
structures of the precursors and products support a straightforward model where
reactants attack trans to the o-tert-butyl group. © 1999 Elsevier Science Ltd. All rights reserved.
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Introduction

Stereoisomerism is a general property of molecules containing two sp> atoms connected by a
single bond provided that the substituents of these atoms are not identical and that they are
sufficiently large to favor twisted over planar conformations (Figure 1).! This type of
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rotation about an spZ-sp? single bond (or more generally, slow rotation about any single bond) are
called atropisomers. The rotanonal features of axially chiral biary! atropisomers have be extensively
studied, and the reacuons of such biaryls (especially binaphthy! analogs) are of central importance in

Figure 1. Atropisomers from sp2-sp? Bonds
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Amides contain sp? atoms that are disubstituted and are connected by a single bond, so
atropisomers arise with suitable substitution.>*> For example, N,N-disubstituted benzamides such as
I and N-substituted anilides such as II® can generally be resolved into stable (at room temperature)

atropisomers when both “A” and “B” are larger than hydrogen. In the benzamide ciass, a carbon-
carbon singie bond causes the isomerism while a carbon-nitrogen bond is responsibie in the aniiide
class. Although the rotational features of these types molecules have been known for some time,
their use in stereocontrolled reactions has only recently come under study.” The neglect of the

hemistry of these classes of molecules might be due to the tendency—instilied in organic chemists
by resonance theory—to view such molecules as planar. However, there is overwhelming
_____ ~ =2 ~ ~ s 3 N
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crystallographic evidence that these molecules prefer twisted geometries,® even when “A” and “B
albeit with a smaller degree of twist and a lower rotation barrier than the non-
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Figure 2. Rotational Features of N-Aryl Substituted Acrylamides
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Which shapes are favored and indeed whether or not some of the indicated rotamers are even
minima are determined by the substituents on the amide and the presence of rings. For example, N-
alkylanilides (R = alky!) tend to favor the s-cis acrylate rotamer and the E-amide geometry (far ieft
pair). The Z-amide geometry is accessible but higher in energy, and all the s-frans rotamers are
probably not minima due to A-strain. Therefore, reactions of acyclic systems can often be interpreted
through the E, s-cis conformer. 12

A number of the shapes represenied in Figure 2 can be readily and selectively accessed by
building rings. For example, Yoneda and coworkers have studied asymmetric reductions of flavin
models (Figure 3).!13 These take on a shape analogous to Z, s-cis conformational isomer in Figure 2,
and a number of such molecules have been resolved and their reactions studied. While certain
chelation-controlled reductions give very high levels of stereoselection, simple reductions with
reagents like sodium borohydride show little or no stereoselection. Based on previous results with
amides,!! this is not surprising; in the s-cis geometry, the P-carbon undergoing reaction is far
removed from the face shielding group.

Figure 3. Some Reactions of Axially Chiral Flavins

Q H
o reduce J&/\ * NaBH 4, no selectivity
! «1-benzyl-1,4-dihydronicotinamide/ MgClO,,

Bu ’ By
o° N =

o N H delivered trans to ‘Bu

N

|

CeHaOMe CgHsOMe
Z-s-Cis

Results and Discussion

We were interested in studying the general shape Z, s-trans (Figure 2, far right), which will be
adopted by a large number of heterocycles that bear amide functional groups in conjugation with
endocyclic double bonds. We choose N-aryl maleimides 1 (Figure 4) as representative of this class
because they are readily prepared and because the study of their atroposelective reactions is
simplified by symmetry; the alkene carbons are each a to one carbonyl group and B to the other.
Indeed, when the o, and B-substituents of the succinimide (R! and R?) are identical, the molecule has
a plane of symmetry and is achiral. Nonetheless, atroposelectivity is still readily studied since
reactions can occur either cis or trans to the substituent RO in 1.

Figure 4. ortho-Substituted N-Aryl Maleimides
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However, in the absence of some type of directed reaction, such molecules are not expected to be
generally useful for atroposelective reactions. Indeed, Konopikova and coworkers prepared
maleimides such as 2 and studied their nitrile oxide cycloadditions.!* Stereoselectivities were
negligible, but the atropisomeric products did not interconvert at room temperature and could
sometimes be separated and individually characterized. Our goal was to replace the two medium-
sized substituents (see 2) with one large substituent and one smaii one (see 3) and then to study the
effect on the rotation barrier—which we expected to be lower than 2—and the stereoselectivity—
which we expected to be higher than 2. The small substituent is hydrogen in all cases, while the
large substituent was varied. The simple prediction is that larger groups should both increase the
barrier to rotation and increase the stereoselection. The rotation barrier is not easily measured in the
achiral succmrmrde precursors but it is readily obtained by measuring rates of diastereomer
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The facial selectivity of each of the maleimide derivatives was tested by radical addition with
rerr-butyl mercuric chloride and by Diels-Alder addition of cyclopentadiene (Eq. 2). Reaction
products were then equilibrated at a suitable temperature to assess their stability. The results of
these experiments are shown in Table 1. Addition of t-butyi radicai$ to o-fert-butylmaleimide 4¢
(Table 1, entry 1) at room temperature occurred with a 12.5/1 selectivity (as measured by 'H NMR).
This ratio did not change when the sample was left at room temperature overnight, but was redu

f or

to a ratio of 2.5/1 by heating the product mixture at 120°C for 16 h. Heating that mrxtur
additional 24 h did not change the 2.5/1 ratio, so we assume that this is the thermodynamic rz
The isopropyl substrate 4b showed a selectivity of 8.7/1 in the radical addi

3). Because the isomers 6b-trans/cis equrhbrated to the thermodynamlc ratio o
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The selectivity observed in the ‘BuHgCl addition to the ethyl substrate 4a (Table 1, entry 5)
was only 1.2/1; essentially identical to the thermodynamic ratio (1.1/1), raising the possiblity that the
barrier to rotation in this series is very low. Indeed, the time scale of interconversion of 6a-trans/cis
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between 375 and 380 °K. These values indicate that the barrier to rotation could not be more than
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1
remnant of the kinetic ratio of isomers by the time the reaction was complete and analyzed.

Table 1. Radical and Diels-Alder Reactions of 7a-¢

Entry Substrate Reagent Facial Selectivity Ratio After
at 25° Equilibration
O t-By ; 2.5/1.0
LG T e
0
N no second product
2 dc </ only 7¢-trans observed after
neating 1or
7 days at 140°C
O iPr
3 [««M—)—\\.—/, —-i—HgCI 6b‘t81'-&;':"l15/€l$ 1.8/1.0
Y !
/--A .
4 4b - 7h-trans/cis 1.4/1.0
6.1/1
O E
A = i 6a-trans/cis
5 M”U +HgCI 1.2/1.0 L1/1.0
o] h
6 4a ':\/ 7a-trans/cis 1.1/1.0
46:1.0

The Diels-Alder reaction with substrate 4¢ showed only a single isomer 7c-trans and we were
unable to generate the atropisomer (7c-cis) of this compound even after heating the product in a
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sealed tube for 7 days at 140° C (Table 1, entry 1). In contrast, the Diels-Alder products were
isolated as mixtures from 4b (6.1/1) and 4a (4.6/1) and these mixtures were equilibrated within a
single day at 25°C (Table 1, entries 4 and 6). Reactions with 4a and 4b were allowed to run for only
2 min before cooling to -78°. Even so, the “kinetic” ratio of the isopropyl products 7b-trans/cis
was reduced from 6.1/1 to 1.4/1 in only 30 min at 25°C. The ratio of the ethyl product dropped from
4.6/1 t0 2.6/1 in only 10 min, and after 30 min it had equilibrated to the thermodynamic ratio of 1.1/1.
That ratio did not change when the sample was allowed to stand at room temperature for one week.
The gross structures of the products in Table 1 were evident from standard spectroscopic
piS‘m‘rs were assigned by a reliabie trend in the 'H NMR specu-um. H® on the N-aryl
P N R T N o

8}

he trans (major) isomer relative to the cis (minor) isomer.!® This assignment was
e of (Table 2, entry 4) by x- ray crystallography Interestmgly, crystalhzatxon

essennally planar.

Figure 5. Assignment of Atropisomers by !H NMR Trends and Crystal Structure of 7b-cis
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These preliminary experiments teach us that radical and Diels-Alder adducts of N-o-
ethylphenyl-, and N-o-isopropyiphenylmaieimides have substantial barriers to interconversion of
atropisomers (20-25 kcal/mol) but these barriers are still too low for most practical synthenc
applications. Kinetic stereoselectivities can be approached in the N-o-isopropyl system by
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single “trans-bis-endo” isomer. In was not entirely clear to us what this designation meant; there are
several possibie “trans” relationships and “bis-endo” products are indistinguishable from “bis-
exo” products (although these are different from “exo-endo”). This stereochemical feature was not
reievant to Miller’s work, but the outcome was important to us so we decided to repeat the
experiment.

Figure 6. Miller’s Diels-Alder Reaction
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Figure 7. Isomers in the Double Diels-Alder Reaction of 1
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The synthesis of maleimide 8 is shown in Eq. 3. Inexpensive 1,4-di-tert-butylbenzene 12 was
treated with nitric acid to give a separable 2:1 mixture of 1,4-di-fert-butyl-2-nitrobenzene 13 and 1-
tert-butyl-4-nitrobenzene 14.19 1,4-Di-tert-butyl-2-nitrobenzene 13 was then reduced to the cor-
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responding amine 15 with iron and HCI in ethanol and water.18 Subsequently, the amine 15 was
melted with maleic anhydride at 120° C to produce N-(2,5-di-tert-butylphenyl)maleimide 8, which
was crystallized from diethyl ether.

= -h el Ty

(1 £0:2.0)
12 14 13 62% 15 79% 8 54%

X- Ray analysis of crystalline product 8 showed that two separate conformers were present in
the unit cell (Figure 4). The only difference between the two structures is the rotational orientation
of the ortho tert-butyl group over the maleimide plane. In one structure, a methyl group of the tert-
butyl group eclipses the maleimide C-N bond with the other two methyl groups staggering the
plane of the benzene ring. In the other structure, two methyl groups are staggered over the
maleimide C-N bond with the third eclipsing the plane of the benzene ring. These are simply
conformational isomers about a single bond, and we presume that this observation is not relevant to
solution, where this bond rotation should be rapid. The maleimide and aromatic rings are exactly

perpendicular and the pyrimidalization of the nitrogen is negligible.

Figure 8. Two Rotamers Observed in Crystal Structure of 1

s oy g
8 ¢’
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We repeated Miller's experiment in Figure 7 and indeed the 'H NMR spectrum recorded in
CDCl3 appeared to be that of a single product 10. However, when the spectrum was recorded in
CeDg¢, two isomers were clearly evident in a ratio of about 1.4/1. Based on the subsequent results
(see below) we assign these as the 10 cis-anti-cis and 10 cis-syn-cis structures, although it is not clear
which is which. These products presumably come about by the bis-endo Diels-Alder transition state
suggested by Miller. However, the ends of the molecule are so distant from each other that there is
only slight facial selectivity in the second Diels-Alder addition and in chloroform it was not even
possible to distinguish these two isomers. We can also conclude that the oxidation of 10 must have
produced two atropisomers of 11: one with the o-r-butyl groups cis and the other with them trans.

These observations indicate that the atroposelectivity of the Diels-Alder reaction (Figure 7) is
complete—only one atropisomeric transition state occurs in each of the Diels-Alder additions,
resulting in only two of the six possible products (Figure 9).

We next exposed the substrate 8 to a variety of bond forming reactions at various
temperatures. Table 2 summarizes the results of these experiments. The kinetic ratios of product
isomers are reported, as are the ratios of isomers after equilibration accomplished by heating product
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samples for about 1 day at 140°C. In this series, resonances of the ortho hydrogen on the aromatic

ring provided both atroisomer ratios and assigments.

In two cases (17, 21), stereochemical

assignments were confirmed by x-ray structures. Products were isolated by flash chromatography in
good to excellent yields. Atropisomeric products did not interconvert readily at room temperature
and they could sometimes be separated (see below and Experimental).

Table 2. Atroposelective Reactions of 8

“Entry Reaction Products Temp Kinetic Ratio
(favored) (disfavored) (CC)  [equilibrated]
i-EiT o t-Bu i-Bu o t-Bu
1 Giese 2;/;” O 2?“ _@ 25 12.5/1.0
2 Reaction = - { 0 11.2/1.0
with  t- ° s ° :8u [2.5/1.0]
BuHgCi 16-trans 16-cis
c-Hex ° t-Bu c-Hex o t-Bu
3 Giese Q;N %—/4,‘ 25 3.4/1.0
4 Reaction o o 0 3.3/1.0
with c- t-Bu t-Bu (1.7 /1.0]
HexHgCl 17-trans 17-cis
n-Hex t-Bu n-Hex o t-Bu
5 Giese 7. = 4 = 0 1.7/1.0
Reaction 7 }\_f; 7 \‘_'é '[1' /1. 0}
with n- ° t-By ° t-Bu
HexHgCl . .
18-trans 18-cis
6 NO o t-Bu Nog t-Bu 60 1.6/1.0
7 Addition of ,_Bu/( )—/fu _/:< Bu ! )—4’2 /= 25 3.0/1.0
8 t-Bu Nitrile c?/ \_7 3/7’ \_7 -35 4.0/1.0
9 Oxide t-B t-Bu 78 11.4/1.0
19-tran 19-cis [1.4/1.0]
Diels-Alder P_/7 t-Bu
; o I
10 _f;cie%cnon p @ 25 ?b n ly one
N o Ahearvadka
‘\ /) I'BU UL YL
20-trans
11 iels-Ald %b
11 ggg S{ien e _ 2 0 _thu —Zj p: vay 120 ?41; ig;ggw
13 with () \ \_ 80 14 /1.0/2.6
~7 o’ I o’ = 1.0/0/4.1*%
t-Bu . ry Q/} GI
A 21-trans 21-cis Le-ort-v)
(a) Thls sample was s subsequently heated at 140° degrees for 7 days, but still showed only a
rhy [T NMD (k) Tha thir r t1; raneacantg 111N ad ctarting material aftar
Dulélb IDUIUCI Uy 4L INIVIIN,. \U) Lub uul.u \.lu i I.)’ 1\,}Jlboblua Uil CU Stdi iy Hdaiviiar atnad

24 h.

Selectivity in Diels-Alder reactions was high (Table 2, entries 10-13). The reaction of 8 with 2,3-
dimethylbutadiene showed only a single isomer formed on reaction at room temperature for 24 h
(entry 13), but only 20% of the substrate was consumed. Conducting the reaction at 80° C resulted
in 85% conversion over 24 h, the selectivity was reduced to 14/1 (entry 12). When the reaction was
conducted at 120° C for 24 h, the selectivity was reduced to 2.1/1.0, but the starting material was
completely consumed (entry 11). Partial product equilibration probably occurs at this temperature
(see below). Heating the mixture of isomers 21-trans/cis at 140° C for seven days in a sealed tube
reduced the ratio of isomers to 1.8/1.0—presumably the thermodynamic ratio. Consistent with
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observations reported for 4¢, Diels-Alder reaction of 8 with cyclopentadiene at room temperature
consumed all of the starting material and produced only a single isomer 20-trans (entry 10). Heating
that sample for seven days at 140° C in a sealed tube did not result in the appearance of a second

ieomar
ATVLLENAA ,

From these results, it is uncertain whether the absence of a second isomer in the cyclo-
pentadiene reaction means it was greatly disfavored in the equilibrium, or whether its absence is due
to high stereoselectivity in the bond forming reaction coupled with a high barrier to rotation in the
nradnat Ta Aataseeina sirhiakh 10 ealéad tho maafmweaad T Al AT o X0 & ot __._ 4 __ _ __1
produLh. U ULCLIIIC Wi, WO ICHEd UIC PICIOmICa DiCiS-AlLGET proauct o1 Cyciopentagiene anda
maleic anhydride with di-tert-butylphenyl amine (Eq. 4). This again produced 20-trans with a small
contaminent (<5%) whose identity could not be ascertained. Based on these experiments, it is
probable the 20-trans is highly favored at equilibrium and it is also favored kinetically in the Diels-

H, 8
o + tBU M—b
t-B o t-Bu
A u
N

20-trans

Eq. 4

Giese reactions of 8 with various alkyl mercuric chlorides were conducted at 25°C and 0°C, but
the temperature effects were small (Table 2, entries 1-5). The requirement for water to initiate this
reaction detered us from conducting reactions at lower temperatures. Selectivities varied widely
with the size of the attacking radical: rert-butyl radical gives good selectivity (12.5/1, entry 1),
cyclohexyl radical gives intermediate selectivity (3.5/1, entry 3) and hexyl radical gives poor
selectivity (1.7/1, entry 5). Thermodynamic ratios (in brackets) were much lower, but followed the
same trend. A wider range of selectivities as a function of temperature were observed with nitrile
oxide reactions (Table 2, entries 6-9). The modest 3/1 selectivity in favor of 19-trans at 25°C
increased to 11.4/1 at =78°C, although this reaction was very slow.

The nitrile oxide products 19-trans/cis were further examined to provide information on the

=
barrier to interconversion of the products. The individual isomers were separated by preparative
HPLC with 20% ethyl acetate in hexanes. Samples of the major isomer 19-trans and the minor

isomer 19-cis in rert-butyl benzene were heated at 128-134°C and the rate of interconversion was
followed by analytical HPLC. The isomers slowly come to an equilibrium ratio of 58/42 (Figure 9).

ALY QiiRaylavid: 2 LA 2391 Qi Lhiaaiaesin it

The major isomer at equilibrium is the same as that favored kinetically. From this data, we calculated
the rate constants of epimerization of both the favored and disfavored isomers, the barriers to
rotation from each isomer, and the difference in energy of the two atropisomers. Standard treatment
of these data gave an average (forward and xeverse) rotation barrier, AG+ = 27 5 kcal/mol. This value
the v

comnaree favarahly wi
\-I\Jllll.’ul.\./n) L“VUIUUIJ ¥V 1

related compounds.
A chiral (racemic) analog of 8 was then prepared by condensing citraconic anhydride with 2,5-
di-tert-butyl aniline (Eq. S). Unlike the maleic anhydride, citraconi¢c anhydride is a liquid. Mixing

th throafald aveag traraniec anhvudrida at ranm tamneratnra recnlted in an

the cnlid anilina wi Y Q
ilv OWVIIAL dllliiiiv Wllll a LIHCLIUVIU TALLDD hludb\)lll\, auuyul iG€ av 1é60Mm WAllpLl atdie sLouited s Qi

exothermic reaction, and a solid began to appear within minutes. But it was still necessary to heat
the reaction at 120°C to achieve complete conversion to 22.
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We then conducted a sampling of radical and cycloaddition reactions with 22 that paraiieied
the reactions of 8 and the resuits of this sampiing are shown in Tabie 3. Once again, a singie (ra-
cemic) product, Z5-trans, was observed in the Dieis-Alder reaction with cyclopentadiene (entry 3).
At room temperature, moderate seiectivity was observed in the nitrile oxide cycloaddition: Z4-
trans/cis, 2.8/1 (entry 2). The Diels-Alder reaction of 22 with 2,3-dimethylbutadiene did not occur at
45°C, but provided a 3.0/1 ratio of 26-trans/cis at 120°C (entry 4). At this temperature, partiai
equiiibration may occur, so this is probably not the true kinetic ratio.

The addition of r-butyl radical (entry 1 and Eq. 6) provides an interesting case study. Four
1somers are possible: two from the initial addition of the t-butyl radical and an additional two from
the ensuing hydrogen transfer step. The outcome of the first step s clear based on the prior resuits;
the -butyl radical will largely add trans to the o-z-butyl group on the aryl ring. But the outcome of
the hydrogen transfer reaction is, a priori, unclear since 1,2-asymmetric induction from the newly
introduced -butyl group opposes the face shielding by the o-z-butyl group. When the reaction with
t-BuHgCl was conducted at 25°C, four isomers formed 1n a kinetic ratio of 23a-d of 20.5/17.0/3.6/1.
23c¢ with 23d, to a final ratio of 9.8/3.9/1.6/1. The two cis isomers (23a,c) and the two trans isomers
(23c.d) are readily identified by their coupling constants (J| 2cis = 8 Hz, J1 2¢rans = 4 Hz). This
information, coupled with the reasonable assumption that the major product must resuit from trans
attack of the #-butyl radical, then provides a complete structural assignment.
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Table 3. Atroposelective Reactions of 22

“Entrty Reaction  Products Temp Kinetic Ratio
(favored) (disfavored) ("C) {equilibraied]
+Bu tBu  t+Bu t N
r,... [ i R 20.5/17
N Y [9.8/3.9]
Giese © rad ° +rBu
1 Reaction 23a 23b 25
with < eu ro > 3.6/1.0
- +-Bu t-Bu
t-BuHgCl \ /{o 7 \ ,¢° ﬂ__ [1.6 /1.0}
SN2 Y
Me O / Me U \
+Bu +-Bu
o 23¢ 23d J
-Bu o t-8u
Additionof M o 7 M o™
2 t-Bu Nitrile N '-N_Q 25 2.8/1.0
MNuvsAda Y PPN as/
UXiae =& O tB/u M8 O t-\Bu
24-trans 24-cis
N7 -Bu
_ ¥
3 Diels-Alder ‘T‘)—-{/O =~ 25 only one
Reaction N—w 1somer
3 Ma' A 1 12
wiin i t-Bu observea*
@ 25-trans
1% ] a1 '.;Bu t-B\u 1N n
4 Diels-Alder _2‘\\2—//9 — _?/‘D_/f"‘ — 120 30:1.0: 3.0
Reaction pnY P 4 43 no reaction
with Me’ o ) me” o7
t-Bu t-Bu
~
A 26-trans 26-cis
(a) This sample was subsequently heated at 140°C for 7 days, but still showed only a single
isomer by 'H NMR. (b) The third quantity represents unreacted starting material after 24h

The complete analysis of this reaction is shown in Eq. 6. The major product 23¢, which
accounts for about 80% of the total, results from radical addition trans to the o-t-butyl group
followed by hydrogen transfer cis to that group. The selectivity in the hydrogen transfer step of 27-
trans to give 23¢/23d) is about 5.7/1 with 1,2-induction dominating.!! This is not surprising since
Giese has shown that high 1,2-induction results when the z-butyl radical is added to citraconic
anhydride2? and based on the results in this paper we would expect a relatively low level of control
by the o-r-butyl group in a radical hydrogen transfer from mercuric hydride (a small reagent). The
ratio of 23¢,d/23a,b is about 8.9/1 and this reflects the selectivity in the radical addition in the first
step. The only problem in this analysis is that there would appear to be too much 23d. Since
atroposelectivity and 1,2-induction are matched in the reaction of 27-cis, we expected a very high
selectivity in this case. But a rather low selectivity was observed. However, this is the ratio of two
minor products, so we cannot be completely confident that the analysis is accurate.

All the reactions reported in Table 3 were conducted with racemic 23; however, very recently
Kitagawa and coworkers?! have reported a synthesis of one of the enantiomers of 23 from malic
acid, so these adducts and others can now be made in enantiopure form.
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- 27-trans -

t-B t-Bu t-B u

A U . - /

o o 23c
y " é C 1.0 m/ék/ C trans-trans
L t-Bu ] t-Bu
'%6 t-B t-Bu 1 1.7 -B +Bu

-8 ™ 4 M
v8d RN W{éﬁb —_— % 23b
o N

o Ccis-cis
t-Bu
- 2T-cis - R
1.0 \\ B t-Bu
- 23d
Mé O cis-trans
t-Bu

X-Ray crystal structures were solved for two of the major adducts, 17-trans and 21-trans, and
these are shown in Figure 10 alongside a crystal structure of the starting maleimide 8. Coupled with
the results, these structures provide a number of insights into the chemistry of this class of molecules.
First, the additional m-r-butyl group that was added in going from 4c to 8 appears to be essentially
inconsequential. The crystal structures show that it is remote from the site of stereoselection, as
expected, and selectivities with 8 are very similar to that of 4c.!

Figure 10. Crystal Strucutres and Transition State Models

I X
Xer ,}JJLC, A
R X,

trans-1,4 cis-1,4
chiral information (X ) chiral information and
and reacting center (C*)  reacting center closer
further aparnt together
8 17-trans 21-trans
cyclohexyl radical adduct dimethylbutadiene adduct

Second, the simple model of reagents adding trans to the o-z-butyl group is well supported. The
face shielding that is observed is significant, especially considering that most asymmetric reactions of
amides and imides bear the chiral information (X,) and the reacting center in a “cis-1,4" relationship
(Figure 10). The “trans-1,4” relationship in 8 and 22 holds these two features further away, so this is
a demanding test of stereocontrol. Best selectivities are observed when the incoming reagent must
place a substituent over the imide ring. The high selectivity in Diels-Alder reactions is observed
because an endo TS with attack cis to the o-hydrogen is relatively unhindered, while there are
serious interactions between the diene and the o-z-butyl group if attack occurs on the other face.
This is especially true in the reaction with cyclopentadiene, where the interactions persist in the
product and lead to a large thermodynamic preference as well as a kinetic one. The significantly
improved selectivity in additions of tertiary-radicals of over secondary and primary can likewise be
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interpreted. Assuming that the forming bond is staggered,?? the tertiary radical must place an alkyl
substituent over the ring, while less substituted radicals can place only a hydrogen atom, thereby
facilitating attack on the more hindered side. Likewise, nitrile oxide cycloadditions are roughly
planar, and can minimize (but not eliminate) unfavorable interactions with the o-z-butyl group in
attack on the more hindered face.
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butyiphenyl) maleimide: mp 59 90° C; 'H-NMR (CDCl3)87.96 (1 H.d,/=7.9),7.78 (1 H,t,J=7.6).
7.65 (2 H, m), 7.29 (2 H, s), 1.67 (9 H, s); IR (NaCl) 3492, 1732, 1646, 945; HRMS calculated
229.1103, found 229.1103.

N- (2-1so-Propylphenyl)malelmlde (4b): The above protocol used in the preparation of N-
(2-tert- butylphenyl)malelmlde 2-iso-Propyl aniline (1 mL, 7.0 mmol) and maleic anhydnde 2.1g,
21.2m mol) were combined to generate N-(2- zso~propylphenyl)male1m1de (1 U g b%) mp 63 “6“ C;
R; (20% EtOAc in Hexanes) 0. 29 'H-NMR (CDC13)67.81 (2H,d,/=4.2),7.65(1 H, m), 743 (1 H.
d,J=78),7.24 (2H,s),3.08 (1 H, quint, /= 6.8), 1.56 (6 H, d, 6.8); 3C-NMR (CDCl3) § 170 (2 C),
147,134 (2 C), 130, 129, 128, 127,29,24 2 C); IR (NaCl) 3004 1738 1509, 1460 1422 1183, 857,
718; MS m/e 215 (M, 100%), 200 (M — [CH3], 32%), 186 (17%), 172 (M — [i-Pr], 60%), 154 (18%),
144 (16%), 132 (32%) 118 (22%), 103 (09%), 91 (16%), 77 (29%), 65 (09%); HRMS calculated
215.0946, found 215.0946.
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N-(2-Ethvinhenvhimaleimide (d4a); The above protocol used i

NET R A ea A g 2/aRasat 22l 1he ab “ope

butylphenyl)maleimide. 2-Ethyl aniline (l mL, 8.1 mmol) and ) 2. .
were combined to generate N-(Z-ethylphenyl)malelmnde mp 51° C; R (20% EtOAc in Hexanes)
) N 1A

0.24; 'H-NMR (CDCl3) 8 7.35 (m, 3H), 7.1 (1 H, d, J = 8), 6.85
= 9); 3C-NMR (CDCl3) § 170.1 (2 ©), 142.6, 134.5 2 O), 1

24 .4; IR (NaCl) 3471, 2974, 1716, 1396, 1149; MS m/e 201 (M

B AN QGRwiy 577 Ay ANy AL AVy 4 HCA R 2% SR AL T

(14%) 172 M- fCHzCHa] 18%), 158 (27%), 144(11%) 130 (25%\)1
HRMS calculated 201.0790, found 201.0788.

3-t’ert‘-Butyi-i-(2-t‘¢rt‘ butyiphenyi)—
.......... £ Afoeen PR t-Bu - -
pyrrolidine-2,5-dione (6c, Table 1, entry o °
2). )—4{" /\—"'/\ )-—4-_\':/
A SO
t-Bu
r! }xenu!)ma!eim'r%p Ao (100 mo 438 nmn]\ sodium borohvdride (125 mo. 3.25

freres U TV AV iR, T MIIIUL ), SV UVLVILF WAL (& & i1y ke

N-(D_tert-hi

1t
4V LTECT T UML § L0 0Y

mmol) and rert-butyl mercuric chloride (150 mg, 525 pmol) were mixed before adding
dichloromethane (5 mL) and setting the reaction vessel in a room temperature water bath. After
flushing the vessel with argon, an exothermic reaction was initiated by 1njectmg 150 pL of water
160 mg, 8.75 mmol) into the vessel. Significant gas evolution was observed for less than 2 min,

ramatnoran hy (MIN0L athyl acatata in h n indicatad ~amnlatea ~cancn
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starting material and formation of two products. The reaction mixture was filtered through a

Florasil plug to remove excess water, elemental mercury and solid byproducts. The mixture was then
rated, and subsequult 'H NMR of the resultmg 102 mg (68%) of white solid indicated the

presence of onl two atroplsomers lhe atroplsomers were sep"irated by column chromatography
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3-tert-Butyl-1-(2-iso-Propylphenyl)-

pyrrolidine-2,5-dione (6b, Table 1, entry '“8”\ o _ "B“\ o™ _
Y- ) D
[o} 0
I-Pr
The ocedure tor me preparau n of 3-tert-butyi-1-(2-tert- butylpnenyl) pyrrolidine-2,5-dione
6¢c was 1 repeate d with N-(2- mu—plupyxp henylymaleimide 4b (40 ing, 185 ],uuux), sodium bur\')h'ydude
(55 mg, 1.3 mmol), tert-butyl mercury chloride (65 mg, 275 umol) and water (75 pL) in CDCl3 (2 mL).

TLC with 20% ethyl acetate in hexanes revealed two products (R = 0. 27, 0. 43). These isomers
could be separated by rapid column chromatography (10% ethyl acetate in hexanes); however, the
pure sampies equilibrated to an atmplsomerlc mixture within minutes of separatmn Therefore they

were ~rharantasead ag tr1ea AF atea Lh _$ennolnic Atrnmicnmmarss A viieas

by o LI NAD
€I¢ <cinaracCierizZzeda as MiXwre o1 UylbUlllCID uu-u @ALD/CLD, 1CLHEC AVIIAWULIC., K1“1NIVIIN

a ai Al T
(CDCI:\5748(4H d)73(2H )702 (1 H,d),6.96(1H,d),2.85(8H,m),

4 21

(CéDe) 8 7.2 (8 H, m), 2.5 (4 H, m), 2.2 (4 H, m), 1.9 2 H, d of 1), 1.1 4(6H<LJ;
0.91 (9 H, s); '3C-NMR (CDCl )817 9 (minor), 177.8 (major), 176.1 (mino
1

(minor), 146.0 (major), 129.9 (minor), 129.8 (major), 128.14 (major) 28 07 (minor), 126.8, 126.7,
17948 KN AQGQG 212 C 22T A 279N 210 2799 € M0 & 97N/ M 271 ™ M7 Q N7 M A 21T 2 TD
LoV, J, JVU.&y §7.7, VJI.0, DI, JL. U, 21.7, £0.U, £0.J, &/l.4\0 U}, &/.1 \J L Jy £9.0, £0.7, £2.Uy £LI.9, 1IN
(NaCl) 2966, 1708, 1490, 1454, 1378, 1188; MS m/e 273 (M, 100%), 258 (M — [CH3], 21%), 216 (M -
[t-Bu] 83%), 202 (13%) 175 (29%); HRMS calculated 273. 1729, found 273.1722

4-(2-iso-Propylphenyl)-4-aza- trlcyclo

{5.2.1.0.2.6]dec-8-ene-2,5-dione (7b “\7 “\7 P

Table 1, entry 4). S SR S

e SO
o o]
i-Pr
The prolocol for the preparatxon of 4-(2-tert- butyl pheny]) 4- aza—trlcyclo [5.2.1.0.2.6]dec-8-

ene-2,5-dione 4c¢ was repeated with N-(2-iso-propylphenyl) majeimide 4b (40 mg, 185 ymol) and
cyclopentadiene (77 pL, 0.92 mmol) in dichloromethane (2 mL). The isomers 6b-trans/cis were
inseparable by chromatography, but the minor isomer 6b-cis was crystallized from the mixture in
diethyl ether. The minor product returned to an equilibrium mixture of atropisomers on standing at
room te perature solution for 3 h. Major: 'H-NMR (CDCI;) 3739(1H,d,)J=39),724(1 H. m)
681 (1 H.d,J=78),630(1 H,d,J=5.5),3.5(3H,m),2.68(2ZH.qn,J 6. 8).1.80(1 H,d.J=8.7).
1.61 (1 H,d,J =8.0). Minor: 'TH-NMR (CDCl3)87.39(1 H,d,J=39),724 (1 H.m). 692(1 H,d,J=
7.7),630(1 H,d.J=55),353H, m),271 2H.gn,J=6.8), 1.82 (1 H,d. J=8.6), 1.64 (1 H,d. J =
8.2). Atropisomeric mixture: 3C-NMR (CDCl3) & 177.6. 177.3, 146.7, 146.4. 135.4, 134.8. 130.0.
128.6. 128.2, 127.0, 126.9, 126.8, 126.7, 53.1, 52.5, 47.0, 46.0, 45.6, 45.4, 28.7. 28.3. 23.8, 23.7; IR
(NaCl) 2967, 2870, 1707, 1493, 1451, 1373, 1185; MS m/e 281 (M, 59%), 263 (10 %), 248 (6%), 215
(M .= [CsHgl, 200 (26%), 172 (32%); HRMS calculated 281.1416, found 281.1408

3-tert-Butyl-1-(2-Ethyl-
phenyl)pyrrolidine-2,5-dione (6a, Table '®}{ , By

Et
A — \ 1,0 —
1, entry 35). 4;,4_<\_/> ;N_@
e}

The pmcedure for the preparation of 3-rert- butyl I (2-tert-butyl- phenyl) pyrrolidine-2,5-

dione 6¢ was repeated with N-(2-ethylphenyl) maleimide 4a (40 mg, 200 pmol). sodium borohydride
(55 mg, 1.2 mmol), rerr-butyl mercury chloride and water (75 ,uL) in deuterated chloroform (2 mL)
TLC (20% ethyl acetate in hexanes) indicated two DI‘Odu&.t% (Rf=0.24, 0.34). It was not possible to
separate these mterconvemng isomers. Major: 'H- NMR (CDCI3) 67.37 (2H, m), 7.29 (1 H, t, 1 = 6.9),
701,(1H,d,J=79),2. 85 (3H, m), 242 (2 H,m), 1.17(2H,d,T=7.7), 1.14 (9 H, s). Minor: 'H-NMR
{CDCK)6737(2H, m), 728 (1 H,t,1=7.1),697 (1 H,d.J =8.6), 285 3H, m). 242 (2 H, m), 1.18(2
H,d4,J=75),1.13(9 H, s). Atropisomeric mixture: 'H-NMR (C¢Dg) 8 7.2 (8 H,m). 2.5 (4 H, m), 2.2 (4
H,m),1.9(2H,doft), 1.14 (6 H,q,/=7.4),093 (9 H,s),091 (9 H,s), \3C- R (CDCl3) 8 177.8,
176.0 (major), 175.9 (minor), 141.4 (major), 141.3 (minor), 130.7, 129.8 (mmor) 129.7 (major), 129.3,
128.2, 127.0, 50.3, 50.1, 33.9 (minor), 33.6 (major), 32.1 (minor), 32.0 (major), 27.3 (major), 27. 1
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{fevniomneY A IA 1 1472 14 1. TD (ANTaI\ QLA ANKLE 177NE 120N 1108 QNELE TI79Q. AAC ma/a DART INA
VIHIEIOUT ), £%.4y £5v0 0, 150, 191, LN (UNAUL) 4709, LLJU, L /UG, LIO0U, 1170, ZUU, (L0, IVLO MMIWE LU \1V1,
68%), 201 (100 %); HRMS calculated 2591572, found 259.1560
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o Eh

The protocol for the preparation of 4-(2- tert-butyl phenyl) -4-aza-tricyclo [5.2.1.0.2.6]dec-8-
ene-2,5- dione 6¢c was repeated N- (2 ethylphenyl) maleimide 4a (40 mg, 200 umol) and

CYClOan{aﬂlene [61 'JL, i.0 mm()l) in dichioromeihane (1: mL) isomer Sepa.rauon was unpl‘dcu(,dl
Mainr icamar IHI_NMD (CTYILAR 7 2R M) m) 7’)‘f|um\ Q(HIJA ,—-Q\ KU js g Y A SN

mw
IVL‘IJUI AONIELIL . AXTLVAVEEN (VRSN U a0 e Ry lll) 1.6V (1 31y 111)y VOO KLy AL Jy VetV

(1 H,m),3.5(2H,m),30(2H,m),245 (2 H, m), 182(1]—1 dJ=R) 168 (1H d J=8)
8). Minor isomer: 'H-NMR (CDCls) §7.39 (2 H, m), 7.26 (1 H, m), 6.98 (1 H

650(1H m)35(2H m),30(2H m), 245 (2H, m), 1 8( = 2
t, J = 8). Atropisomeric mixture: **C-NMR (CDClI3) 8177,

MY 120Q 1700 1N L 17012 1707 1912 1971 19
\& )y LIV.O, L&LT7.7y 17Uy, 147,90, 1L40.7, 140,04 &/l.1, 14

(2C), 454,247,243, 150, 14.3; IR (NaCl) 2971, 2941, 1’_700
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(M 10%) 201 (M [C5H6] 15%), 84(100%) HRMS calculate
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Nitric acid (200 mL) was added neat to 1,4-di-tert-butylbenzene (53 mmol, 10 g) at O
Was d

reaction mixture stirred for 8 h. The solution was diluted with water (100 mL) an

times with nortio of dichloromethane (200 mI ). FEach extract was washed with water (100 mL)

1aawT VY avak ortions TBIVEIIUL VLWL \ AU R RRAr fa Aival wati vt Y VY QASRAN s FY avas vy Gaviod \ 2 WA dadad)

and 50% saturated K>CO3z (100 mL), before combining, drying over magnesium sulfate, filtering, and
concentrating the extracts. Column chromatography (10% ethyl acetate in hexanes) of the residue
vielded two products oily 1- tert~butyl -4-nitrobenzene and solid 1.4-di-tert- butyl 2-nitrobenzene 6

T ATR 4Ty ~O s Oy YT N\

(33 mmol, 7.82 g, 62 %): mp 88-89" C; 'H-NMR (CDCl3) 6 7.48 (2 H, s), 7.28 (i H,s), 1.40 (5 H, s),
1.32(9 H, 5); MS m/e 235 (M, 8.4%), 220 (M — [CH3], 37%), 175 (4.8%), 160 (4.0%). 131 (9.5%), 127

Je AVINT FTU T 200 (UYL, O/ ), L&V \AVA—L\./llsj. PSRN PO VT 0 ), 2

(9 0%). 117(13%) 91 (20%), 77 (15%), 69 (12%), 65 (8.9%), 57 (57%), 43 (69%) 41 (1()0%) l -tert-
butyl -4-nitrobenzene 7: MS m/e 179 (M 21%) 164 (M [CH3] 100%) 115 (18%) 106 (20%), 103
(12%), 91 (30%), 77 (23%), 63 (26%), 51 (24%), 46 (61%), 41 (39%).

NH
2.5-Di-tert-butylaniline 15.18 /K\/"BU
P
tey” F
Toomam snmeyrdae F1NT samsmandl £ N SV IINT LITT A D) snennl 24N TV nand 1 A A s0ms iyl D _nitrahanrana F's
1ol PUWUCI \IU/ iU, u.v E}. PLIN TV L\ 9.4 1THHUL, DUV JLL ), allU 1,2 Ul=icrituulylmo"inuvusvios i v
(17 mmol, 4.0 g were refluxed in 50% agueous ethanol (100 ml.) for 2 d. The mixture was cooled to

room temperature and potassium hydroxxde (8.4 mmol, 500 me) in water (20 mL) was slowly added
with stirring. The solution was filtered through celite, the celite was washed three times with
pomons of ethanol (100 mL). The ethanol portlons were combmed concentrated and the residue

L Elemwnd o
was ldK i Up lﬂ uu,niorumc& nan l[llb SUIUHOH was UI'l U over mdgucmum bUUdlC 1HH$CICU, a
o

concentrated. The solid residue wag nurified hy flash column ¢ rnmktnnrqnhv (109 Pthv] acetat

vunivuiiui G PR SSWAEN (VS SN I N PN LA ULV Uy 100011 WA uiiaL Vi =S o i B naia

hexanes) to v1eld 2,5-di-tert-butylaniline: mp 98 99° C; (13.4 mmol, 2.75 g, 79 %)' IH-NMR (CDCl)
87.17(1H,d,/=83),6.77 (1 H,dofd,J=2.1,8.2), ~3.6 (2 H, verybrs) 1.42(9H,s), 1.29(9H, s);
MS m/e 205 (M, 13%), 190 (M - [CH;] 24%) 175 (M 2[CH;] 3. 4%) 162 (4. 5%) 147 (M - [tert—
butyi], 3.9%), 134 (8.4%), 115 (9.3%), 106 (9.3%), 91 (14%), 77 (11%), 69 (7.8%), 57 (30%), 41
£ 1NNOLN

\1UuU 70,
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-(2,5-Di-tert-butyiphenyl) maleimide 8. /——\__:\)\ﬁ
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Vavie s i

before bemsz dlssolved in eth I acetate. The solution wa s Dassezi hro;mh short sﬂ a zel col
before bemg concentrated to an oil and purified by fla h co lumn chromatography (10% ethyl
acetate in hexanes) to isolate N (2‘5 di- tert—butylphenyl) maleimid (2 65 mmol, 755 mg, 54%): mp

1QL9° M, 1YT RTR S¥Y 77797 71 a

184-185° C; 'H-NMR (CDCl3) 6 7.51 (1 H, d, J = 8.4), 7.4
684 (1H,d,J=22)684(1H d J=22), 1284 (9H, s)

VAT R L8y Uy o L)y, VOT L Xy My U Ll 1.LUT (7 Kky D

C), 150.4, 146.3, 135.2 (2 C), 128.7, 128.5, 128.2, ]273’3

2962, 1716, 1411, 1369, 1147, 827, 752 692; MS m/e 285 (

— [t] Bu] 40%), 196 (10%), 186 (11%) 172 (28%) 128 (12 )
285.17
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3-tert-Butyl-1-(2,5-di-tert-butylphenyl)-

1l)))frrolldine~25 -dione (16, Table 2, entry "E‘i NI "3‘( {{o"ef:__\
. 4 ',M—U 4/ NM
tBu ° Hy t-Bu

The prmedure for the preparation of 7 (see below) was repeated with N-(2.5-di-tert-butylphenyl)
maieimide 8 (100 mg, 0.33 mmol), tdbutyl mercury chloride (120 mg, 0.40 mmoi‘) sodium borohydride

(100 mo 7 &0 mmel and watar (190 668 mmol) in 5 mL dichloromethane (0.08 M). After 6 h
\LW 1115, LY 11 l) Al Wal.‘:l \ 14V }J.L‘,, v.Uo lllll.lUl} lll ORI IV RIIVLI VLA U \U AAVACENA S PR A Y L e AR ¥ 1)
thin layer chromatography (20% ethyl acetate in hexanes) indicated C___ p]ete consumption of

starting materia (ﬁ = 032) and formation of two products (R; 0.60, 0.45). IH-NMR

spectroscopy of the residue showed two compounds with a ratio (based on intergration of Ha) of

12.5/1.0. The estdue was dlssolved in benzene sealed m a tube, and heated at 120°C Ior Z4h A

m tla g VA I'\ femTiAre Ara caomaratad

m inen IIIUILdlt:u a ratio Ul «. /1. The isomeirs were l:pa raiea u_y \.Uluuux
10% ethvl acetate in hexanes eluent) Maijor i isomer, 16-tra NMR (CDCl) &
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4),7.37(1H,dofd, J=85,2.1),6.66 (1 H,d, J= 1
H, )IHNMR(C6D6)5739(]HsI 86),
, 1.33 (9 H. 5)114(9H s), 0.88
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t-Bu t-Bu
N-(2,5-Di-tert-butylphenyl) maleimide 8 (300 mg, 1.05 mmol), cy cl hexyl mercury chloride (400 mg,

1. 26 mx;ul)ly)ve.md SOJdlu “b rohydrid (360 mg, 7. 88 mmo-li.wer ed aﬁd he fla sk was set in a room
0 M) nder mtrooen An

temperature water bath, before adding dry dichloromethane (13 mL, O
exothermlc reactton was initiated by adding water (IZU uL 6.68 mmol). A
o7 1

O-Cl.

_____ - PR R AP PR Avanac) tndi~anead m~latn ~Aonciimn
ceased, thin layer chromatography (20% ethyl acetate in hexanes) indicated ¢ uplctc consumption
of the starting material (Ry = 0.52) and the presense of two products (Ry = 0.63, 0.67). The reaction

was filtered through Florasil to remove excess water, mercury, and solid byproducts. The crude
reaction mixture was analyzed by 'H NMR to determine the kinetic isomer ratio, before the sample
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was purified by ¢ n chro
was 1solat d by crystalization
Trans isome T,

2.1), 6.68 (IH

Q

aq
-y
£~
-3
jom of

‘:.sé”!ﬂ

‘N3
=
o
5
=

st
'
~
H
o
]
bad
~3
W
i \O
ok
=%
B
S
]
o0
S

-

&.
H
[y%]
-
[
&
o~ P
jos
3°.
I
[0.¢]
o
p— o~
[
::1
&
~
L}
[#)
oo
P -
e 2
S
]
\L
P

D
00
—~
—
oo
A

wn
Nt

g

¢

—
(9% )
~

o

J
D

P

i

™

..J y
(&)

&

e
ol
S’ "
NS

3
-7‘) -
N

=
Z
Z N
=
w
(%3]

T.O, 1IV.2 'Y 82,7

26.2, 26.1. Cis isomer, 17-cis: !
(

-
-

[\
oo
p—
o ()

jos

=
TE
v!—-i
Q™
Mot
NS oo

]
]
R O
P o, -~
" e’ e’
v .

-~
[y
~l
[
i

-

=
[ =]
AR
"~
—

&=

3
Lo

—_~N
[
EA —~

-

4

oo

“

2

3

(=%

(3

(o))

\O

[y

(o))

N ON

N O\
é
=~
[\
i~
$a
ks
—
I
a
W
FS—
[3®]
[wn)

mmol), n-hexvl mercury chlonde (375 mg, 1.26 mmol), sodium borohydride (300 mg, ,
water (375 pL 209 mmol) in dlchloromethane (2 mL) TLC (20% EtOAc in hexanes) indicated
consumption of the starting material (Rf = 0.47), and presence of two products (Rr = 0.56, 0.60).
The major isomer was isolated by column chromatography (5% EtOAc in hexanes). Major isomer,

18-trans: 'H-NMR (CDCl3)37.50 (1 H,d, J=8.5),7.39(1 H,dd,J =85,2.2),6.72(1 H,d,] =2.2)
3.05(1H, d, J=93),298(1H,d,J=23),258 (1 H,d,J=23),2.58 (1 H,dd, J = 17.5,3.8), 2.05 (1 H,
m), 1.65(1 H,m),14(4H, m),1.33(4H,d,J=5.5),1.29(9H,s),1.28(9H.s).090 (3H,t,J=6.6):
I3C-NMR (CDCl3) 0 180.6. 177.4, 150.5, 144.9, 130.2, 128.8, 127.6, 127.2, 40.6, 354, 35.1, 34.4, 31.9
(6 C), 31.5,31.4,29.3, 27.0, 22.8, 14.3. Minor isomer, 18-cis: lH-NMR (CDCl3) 6 7.52 (1 H, d,J = 8),
742(1H,dofd, J=8,2),678 (1 H,d, J=2),3.05(1 H, d,J=9),298 (1 H,m),2.55(1 H,dd), 2.05 (1
Hm), 18 (1 Hm),14(4H m),1.3@H d),1.29(9H,s), 1.28(9H, s), 0.92 (3 H.t). Atropisomeric
mixture: IR (NaCl) 2958, 1710, 1410, 1357, 1178, 754, MS m/e 371 (M, 16%), 356 (M - [CH3], 100%),
314 (10%), 300 (8%), 231 (9%), 186 (5%); HRMS calculated 371.2824, found 371.2850.

dwarboxnm ofrﬂ isoxazole)-2,5-di- t-Bu

No 01-8{;
tert-butyl benzene (19, Table 2, tBu/\dfqﬂ @_@
entry 7). o7 \_7

tBu t-Bu

N-(2,5-Di-tert-butylphenyl) maleimide 8 (530 pmol 150 mg) and terz-butyl hydroximoyl chloride
(790 pmol 110 mg) were dissolved in chloroform (S mL, 100 mM in N-(” 5-di- terr-butylphenvl)

MY A IOLDN 1 1’\/\ g i T

maleimide) with TEA (950 pumol, 13 ) uL) and me mixiure was refluxed for 2 h. The reaction mixture

nc
wne cancentratad and fh ™ n diaethyl athar and filterad he ether ¢n 'Inhnn was
i il Gie Ulyl Cully, aiu 11ereda. ¢ Luili Suiiuung L AXEN]

concentrated and ’nu,r ed by column chromat gr phy (10% EtOAc in hexanes). The two isomers of
1-(3-rert-butyl-4 5 dxcdrboxmudo[ Jisoxazole)-2,5-di-tert-butyl benzene (390 umol, 150 mg, 74 %)
were separated by HPLC with a 10% EtOAc in hexanes eluent. To determine the barrier to

atropxsomerlzanon pure sample of the mﬂ_]O[‘ and minor isomers of (_5 -tert- Du[yl -4,5-

ma

Q1 a talan n
SIUULT Wdadd wahvll u

dicarboximido[d]isoxazole)-2.5-di-rert-butyl benzene (6 mg) were dissolved in reri-butyl benzene (2
mlL) and heated in an oil bath at the a.ppropr late temperature (See Figure 9). At 15 minute intervals,
10 pL of solution was removed by syringe. The ratio of isomers in these samples were determined
analytical HPLC (12% EtOAc in hexanes, 5 mL/min; UV 0.2 sensitivity, 254 nm). Ma}or isomer, 19-
trans: mp 215-216” C; 'H-NMR (CDCl3) 8§ 7.51 (1 H,d, /= 8.6), 7.42 (1 H,dd, J=8.4, 2.1), 6.63 (1 H.
d T N1y E2L /11T 1 T_ 00N AA1T /711X 3 T _ 1A% 1722 /017 5y 1 70 /OLYT 1 '1,1 QLT o0\ nr*
4,0 =2.13),200({1 1,4, =9.Y),4.41(11n,0,J = 1U.3), 1.22{(¥ 1, §), 1.0 1, §j, 1.£454 {7 11, 5]

NMR (CDCl3) 172.2, 171.56, 160.46, 150.63, 144.87, 129.18, 128.50, 127.25, 80.56, 77.42, 76. 00
76.55, 56.26, 35.24, 34.20, 33.84, 31.42, 31.03, 29.09. Minor isomer, 19-cis: mp 216-217° C; 'H-
NMR (CDCl3) §7.50 (1 H.d,J=8.6), 742 (1 H,dd. J=8.4,2.1),6.77 (1 H,d, J = 2.16), 549 (1 H.d. J
=9.7),4.60 (1 H,d,/=9.3), 1.36 (9 H, s), 1.29 (9 H, s), 1.24 (9 H, 5); PC-NMR (CDCl3) 173.27
171.85, 161.40, 150.66, 144.61, 128.76, 127.40, 126.63, 79.72, 56.07, 35.27, 34.10, 34.04, 31.61
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30.93, 28.35. Atropisomeric mixture: IR (NaCl) 2962, 1716, 1402, 1359, 1193, 731; MS m/e 384 (M,
7%), 369 (M — [CH3], 32 %), 270 (8 %), 216 (7%); HRMS calculated 384.2413 (M), 369.2178 (M -

P T Ty WL

[CH3], found 384.2418 (M), 369.2183 (M — [CH3)).

1-(5-Norbornene-2,3-dicarboximido)- - +Bu
2,5-di-tert-butyl benzene (20, Table 2 '\—",/ & =
entry 1i9). S /

hloroform (7.5 mlL)

ANSRRER ) 7 eor 22i12S)

N-(2 5-Di-tert-butvinhenvh mnlp mide
iv \‘-’J TASE LT b Uul_’ ‘yllhll Kl LA3AANL b

ved in ¢
before adding cyclopentadiene (1.75 mmol 145 pL). The solution was stirred for 2 h and then
concentrated. After 1 h of drying under high vacuum, the white solid 1-(5-norbornene-2,3-di-
carboxnmldo) 2,5-di-tert- butyl benzene (0.31 mmol, 110 mg, 90 %) was purified by column

A B W AVE N & g |

367441 H, 4,/
MH m) 344 (7 H
\Lr -t o

ﬁ
D
2
4l
83
3
2.
e
3

L) U S ARILAENS i,

1. Ya s 4 ~NNo

cnromatograpny (LU emyl acetate in HCXHHBS) mp 204-20

r-\U
n

=8.5), "34(1}{ dd, J=22,86), 662 (1 H,d J=22),633 (2 H, ¢, J = 1.6), H,m), 3.44 (2 H,
m), 1.8(2H,d,/=89), 1.6 (2H,d, J=89), 1.45 (1 H,m), 1.30 (1 H, d, J =2.2), 1.26 (18 H, 5); MS m/e

=8.9), % 1. 1
351 (M), 336 (M — [CH3)]), 314, 294 (M — [+-Bu]), 270, 228, 214, 91, 66, 57. HRMS calculated
351.2198, found 351.2153.

2-(2,5-Di-tert-butylphenyl)-5,6-

dimethyl-3a,4,7,7a-tetrahydro- —Z‘\ t-Bu
s _ s _ X _¥_ 4 3 Fe___ . rA4 Ly ~ a4 o] \
1Soinaoie-i,3-aione (Zi, 1apie Z, eniry 7 ==
11) 8 N=\ 7/

e G N

o1
times did not result in comp]e[’ consumptlon of the starting materlal) The solution was
MR analysis indicated complete consumptlon of starting material and
1. M

~ adin~rad t~A 1 Q/1 1-\ atino fka miviiire at

€ric ldllU was ICUU\«C Uj %auuv i LA WULG at

S fi a 1.0/1.
‘ere separated by column chromatography (3% ethvl acetate in

id .

140° for seven days. The products wer ar hror apt

hexanes eluent) to 42.6 mg (33 %) of the ma or product and 16 2 mg (13 %) of the minor product.
Major, 21-trans: mp 154-155° C; 'H-NMR (CDCl3) 67. 43(1H,d,/J=84),7. 33 (1 H, d ofd, J=8.5,
23),642(1H,d,J=2.2),3.19(2H.m), 260 (2H,d.J=14.4),2.27 (2H, brd, J=13.8), 2.00 (1 H. m),
1.75(6 H,8), 1.25(9 H, s), 1.23 (9 H, s), 0.87 (1 H, m); 13C-NMR (CDCl3) 6 180.8 (2 C), 150.1, 144.7,
1308, 1281, 127.7(2C), 127.3,126.7,40.4 (2 C), 35.0, 34.0, 31 5(3C).31.220),31.030), 19.1(2
C) IR (NaCl) 2967, 2253, 1707 1408 1192, 911, 739 cm-!; MS m/e 367 (13%). 352 (34%), 311
(60%), 296 (21%), 255 (14%) 167 (08%), 149 (24%), 1’7 (78%), 57 (100%). HRMS found
367.2513, calculated 367.2511. Minor, 21-cis: H-NMR (CDCl3) 6 7.43 (1 H,d,J=8.6).7.34 (1 H,d
ofd,/=8.6,2.2),669(1H,d,/=22),322(2H,d.J=15.5),2.54 (2H,d,J=155),234 (2 H,brd.J
=15.1), 1.68 (6 H, s), 1.25 (9 H, s), 1.19(9 H, 5); 3C-NMR (CDCl3) 6 181.0 (2 C), 1504, 145.4, 131 4,
1279, 127.7, 127.5 (2 C), 126.8, 40.6 (2 C), 34.7, 34.3, 31.2 (6 C), 30.5 (2 C), 19.5 (2 O); IR (NaCl)
2963, 2253, 1703, 1402, 1360, 1188, 907, 733, 648

1-(2,5-Di-tert-butylphenyl)-3-
(2, yiphenyl) .
methylpyrrole-2,5-dione (22), P}
t-Bu o
g PO PR SO DO DY .S BN AN 1N o T A E AL ssa b ol SENN ey DAY mrnl) wara
UIrdConic annydande (oov Ui, 7.5U IIHINOL) and 4,0-Ul-i€ri-puly ldiiiiie {ovu g, £.5%0 1i1vl) wiuiu
heated without solvent to 120° C, for 2 h. The resulting red oil was chromatographed (20% EtOAc
in hexanes), and the product was ecrystalhzed in minimal ethyl ether and hexane (0° C, 24 h). 1-
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(2,5-Di-tert-butyl-phenyl)-3-methyl-pyrrole-2,5-dione (157 mg, 22% recovered yield) was used
without further puriﬁcation mp 136-137° C; 'H-NMR (CDCl3) 6 7.47 (1 H,d, J=8.6), 7.38 (1 H, d,
J=83,22),684(1H,d,J=22),650(1H,m),217(3H,d,/=1.7),1.26 9 H,s), 1.26 (9 H, s); 13C-
NMR (CDCl3) 8 172 0. 171.1, 150.1, 146.6, 146.1, 129.1, 128.2, 128.1, 128.0, 126.8, 34.9,34.1, 31.5 (3
£ 211420 11 2. TR MAJa0) 24L£71 (R DQ40 D988 1711 1646 14146 QNQ T8 NMCQ e/ 2700 DQA
CJe L LD U, 11.T; LN (UNGUL) I%901 \DL ), «707, 2235, 1711, 1040, 1410, JU7, /133, V1D HUE€ 77, &0,
242,228,210, 186, 57; HRMS calc: 299.1885, found: 299.1875

3-tert-Butyl-4-methyl-1-(2.5-di-tert- Me )——40.

butylphenyl)pyrrolidine-Z 5-dione K/"M ‘ff"_\_/{

(23, Table 3, entry 1). t-Bu t-Bu
Maijor cis Minor cis
t-Bu t-Bu t-Bu . t-Bu
L) v
Y D)
wlo?” >0 wd” A
wBu i-Bu
Mayor trans Miror trans

The above Giese reaction procedure was repeated with 1-(2,5-di-rert-butyl-phenyl)-3-methyl-
pyrrole 2,5-dione 22 (IOO mg, 0.33 mmol), #- butyl mercury chloride (170 mg, 0.40 mmol) sodium

Doronym‘lae (IUU mg, A JU mmOU and water (IZU HL 0 06 mm()l) in alcnioromE[nane kD ml_. U 08 lVl)
18 (112 mo O &) and I NNMR chawead

1ng ~rancantratad A rocid
18199 résiaue Lo 1ig, JU /U) alld 11 LNV SHU WL

i1V el
Tdsily soiution was con

AIIN XXM \._ \-U i1 lU Leltidivu w a

four compounds (based on integration of the hydrogen alpha to the -butyl group on the imide ring
at ©2.94, 2.80, 2.3, 2.1). To equilibrate, the residue was dissolved in benzene, and heated in a sealed
tube at 120° for 24 h. (at §2.95, 2.7, 2.3, 2.1). Major cis isomer: 'H-NMR (CDCI@) 57. 46 (1H.d,.J=
8.6),7.36 (1H,dofd,/=8.5,2.3),669(1H,d,/=22),3.13(1 H,m),2.80 (1 H,d. /=8.2), 1.54 (I H,
d.J=75),127(9H, s), 1.27(9H,s), 1.26 (9 H, s). Minor cis isomer: 'H-NMR (CDCls) 5 745(1 H, d
J=86)735(1H,dofd, J=8.5,22),669(1 H.d,/J=22),315(1H m).294(1 H,d,J=8.3),1.58
(3H,d,J=7.6),1.28 (9 H,s), 1.26 (18 H, s);

1-(3-tert-Butyl-4,5- dmarl_)ggimidg

[d]xsoxaz‘(;l“e‘-Sa methyl)-2,5-di-tert- MJ"E“ . NoABY eu
butyl benzene (27, Table 3, entry 2). o")__/f :

-Bu t-Bu
22 (100 mg, 335 umol) was dissolved in 3.5

LN 1iigy e 111027 WS ]
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ert-butvl- nhpnvh 3-methvl-nvrrole-2 .5-dion
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of Et,0O with tert-butyl hydroximoyl chloride (75 mg, 500 umol). Triethyl amine was added (100
, 600 pmol) and an immediate white precipitate was observed. The solution was stirred for 2 d.
then filtered through celite, concentrated and left under high vacuum for 2 h. The atropxsomerb
~and 20 mg, 54% combined yield) were isolated by column chromatography (10%
H 15 180-181°C: ITH-NMR (CDCl1:) 8 7.48 (1
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4-(2,5-Di-tert-butylphenyl)-2-methyl-4-

aza-tricyclo{5.2.1.0 2,6] dec-8-ene-3,5- l\,-,7 8y
dione (25 Table 3, entry 3). W;_@
Mo’ ' 4
- t-Bu

Tha nraradnr,

frr t; n&‘ 1. (85 narh
1 a8 ProCeaure io

T "repz’u'a O1 1-(J-Noroomen

trans was repeated with 1-( 2 5-di-tert- butJl h_ 3 -methyl-pyrrole-2,5-di

mmol) and 275 pL of cyc Iopentadlene (275 ul, 3. 3 mol) in 5 mL of CH,Cl; to

of a white solid (Rg = 0.38, 20% EtOAc in hexanes). !H-NMR (CDCl3) & 7.44 (
2.2)

(1H,dofd,J=8.4,2.2),666(1H,d,J=64),639(1 H,dofd, ]=5.6,2.9)
T —

7 QA’7IILIA¥ TN 2“(11”0\’)0’7(1”;‘I—A(\1QQ.")U1~
LG5, NI L 01,0y, 0 = 1.4), JUJI\L 11,5}, & 7i \L X1, 0,0 =90, 1.0J e, y,ao =

s), 1.26 (9 H, s); l1"C—NMR(CDC]¢W3181 6. 144.8. 137.0, 134.9, 128.3, 1274 1269 53.3, 51 7 51.3,
50.5, 46.2, 353, 31.8, 31.3, 21.5; IR (NaCl) 2068, 1708, 1404, 1355, 1209, 754; MS m/e 365 (M,
23%), 350 (M - [CH3], 25%), 299 (11%), 284 (M — [CsHg], 100%), 242 (19%), 228 (8%), 186 (8%);
HRMS caiculated 365.2355, found 365.2364.

.’-5 ﬂ

2-(2,5-Di-tert-butylphenyl)-4-methyl-
5,6-dimethyl-3a,7,7a- t-Bu

trihydro3isoindole-1,3-dione (26, 4_°
Table 3, entry 4). —k\ o X
L =

Me O \

“N t-Bu

t-Bu

Benzene (5 mL) 1-(2,5-di-tert-butyl- phenyl) 3- methyl pyrrole -2,5-dione 22
| 10N P A d t.

-
dnu L J (.llmelnyl bU[d(JlenC (lyU “L; 1 O/ mmUl) were IIHXCU lI d S Cd‘le
for 48 h. The solution was then concentrated, left under hiech vacuum for 3 h

1iv SV 11 VLI aiu Qg ii

residue was taken. Some starting material and two isomeric (3 : 1 ratio
products were observed. The residue was subjected to column chromatogra
acetate in hexanes), and the maJor (53 mg, 42%) and minor (24 mg , 19%) 1so
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1.73(3H.s), 140 (3 H.s), 1.2
Minor: 'H-NMR (CDCly) § 7.48
H.m), 1.65(3H,sbr), 1.4 (3H, s
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