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- generalizable solution-phase method, 21 examples

« up to 93% isolated yields, highest when X = halogen
« microwave conditions succeed for sterically big R

« computational and experimental mechanistic insights

ABSTRACT: The preparation of halogenated benzene-1,2,3,4-tetracarboxylic diimide derivatives is challenging because of the pos-
sibility of competitive incorrect cyclizations and SnyAr reactivity. Here, we demonstrate that the direct reaction of benzene-1,2,3,4-
tetracarboxylic acids with primary amines in acetic acid solvent successfully provides a range of desirable ortho-diimide products in
good yields. Furthermore, we demonstrate that sterically challenging N-derivatizations can be readily achieved under microwave
reactor conditions, and that SyAr reactivity is only observed when excess amine is used. The halogenated diimides described here are

attractive building blocks for organic materials chemistry.

Aromatic diimides, also known as bis(dicarboximide)s, are
the linchpin of a diversity of organic materials encompassing
vivid pigments and dyes,' thermally robust polymers,* and n-
type electronic materials.>® The electron-withdrawing nature of
the cyclic imides lends itself to the creation of n-type semicon-
ducting materials.? The annulation of aromatic rings with cyclic
imides tends to lead to more significant LUMO-lowering ef-
fects than HOMO-lowering effects, thus resulting in red-shifted
bandgaps and absorption profiles. Aromatic diimides derived
from benzene (PMDI), naphthalene (NDI), and pyrene (PDI)
(Figure 1a) have received significant research attention because
of their facile syntheses and amenability to derivatization at
both the core and imide N positions.” ! While changes in N-
functionalization are often exploited for tuning solid-state pack-
ing behavior and solubility profiles,'"'"" core modification
through substitution and metal-mediated cross-coupling reac-
tions of halogenated aromatic diimides results in fine control
over energy levels and electronic structure.”!* In recent years,
researchers have developed new strategies for incorporating cy-
clic imides onto a growing number of aromatic scaffolds, result-
ing in interesting redox activity'* and near-IR absorptions.'

We recently began exploring the ortho-diimide structural iso-
mer of the well-known pyromellitic diimide, which is known as
mellophanic diimide (MDI),'*!* and have discovered that it has
significant potential as a building block in the construction of
compounds with properties of interest to organic materials
chemists (Figure 1b,c). Core dichlorinated N,N’-dihexyl MDI
(CL1:--MDI-Hex), for example, readily undergoes both SyAr and
Pd-catalyzed substitutions with aromatic ortho dinucleophiles
to lead to a range of highly chromophoric and electron-accept-
ing hetero- and azaacene structures.’®?! The development of
MDI as a building block is further attractive because it is de-
rived from 1,2,3,4-tetramethylbenzene, which is a byproduct of

durene synthesis and a constituent of petroleum extract that has
no significant industrial use.?> With these observations in mind,
we set out to establish generalizable synthetic methods for ob-
taining differently halogenated MDI derivatives.
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Figure 1. Structural formulas of a) pyromellitic diimide (PMDI),
naphthalene diimide (n = 1, NDI), and perylene diimide (n = 2,
PDI), b) mellophanic diimide (MDI), and c) heteroacene MDI de-
rivatives that are near-IR absorbing electron acceptors.

Results and Discussion. Conventionally, aromatic diimides
are synthesized by condensation between the relevant aromatic
cyclic dianhydride and an amine, a process which proceeds
through an amide-carboxylic (amic) acid intermediate. Extend-
ing this approach to the synthesis of ortho aromatic diimides
such as mellophanic diimide, however, is complicated by the
possibility of incorrect cyclizations to yield 3,6-



dicarboxyphthalimide byproducts. Two strategies were identi-
fied by Fang et. al for overcoming this challenge: 1) room-tem-
perature amic acid formation followed by acetic anhydride-me-
diated dehydration and 2) high-temperature equilibration of the
reaction mixture to reach the MDI thermodynamic product (Fig
2a).'® While both of these methods were successful for synthe-
sizing N,N’-diaryl MDI compounds, we found that they could
not be reliably extended toward either N,N’-dialkyl- or core-
chlorinated MDIs because of competing nucleophilic aromatic
substitution reactions and significant 3,6-dicarboxyphthalimide
formation. Inspired by the mellitic triimide synthesis developed
by Rose et. al,”* we were previously able to obtain N,N’-di-
hexyl-4,5-dichloro-MDI (CL.-MDI-Hex) after the 3-day solid-
state dehydration of an ammonium carboxylate salt (Fig. 2b).2°
In further explorations, however, we found that this solid-state
method could not be consistently extrapolated to differently hal-
ogenated benzene tetracarboxylic acids, and furthermore was
not successful with more sterically demanding amines. As a re-
sult of further synthetic exploration, here we report our findings
that the direct solution-phase reaction between benzene-1,2,3,4-
tetracarboxylic acids and primary amines is a widely general-
izable method for synthesizing MDI derivatives of a variety of
N substitutions and core halogenations (Fig. 3c).
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Figure 2. The historical development of synthetic methods for the
preparation of MDI compounds began with a) conventional imidi-
zation of a dianhydride precursor, then b) solid-state dehydration
of ammonium carboxylate salts to obtain dichlorinated MDIs, and
presented here, c) the direct solution-phase condensation of tetra-
carboxylic acids with amines.

Synthesis. The commercially available 1,2,3,4-tetra-
methylbenzene was chlorinated,?® brominated,?* or iodinated®
following literature procedures to yield intermediates 1-X (X =
Cl, Br, or I) which were then subjected to exhaustive oxidation
by 10 eq. of KMnOj4 in tBuOH/H»O (1/1:v/v) to provide the hal-
ogenated benzene-1,2,3,4-tetracarboxylic acids. Although
many KMnO4 methylarene oxidation procedures use pyridine
as a co-solvent to improve reactant solubility, we have found
that the use of tBuOH co-solvent reduces the equivalents of
KMnO; required to achieve full oxidation and furthermore is
less prone to exotherm during the addition of KMnO,4. Com-
plete removal of reaction solvent prior to acidification of the
carboxylate intermediate is important for avoiding the for-
mation of t-butyl ester impurities. Our largest scale oxidation

(20.0 g, 98.5 mmol of 1-Cl) proceeded smoothly to provide the
tetraacid 2-Cl in 85% isolated yield.

Although we initially followed our previously developed
solid-state dehydration protocol for synthesizing 3-X-R, we
were motivated by inconsistent yields and long reaction times
to investigate a solution-phase method. Unexpectedly, simply
heating the tetraacids 2-X with primary amines in acetic acid
solvent followed, if necessary, by the precipitation of products
with the addition of water or MeOH to the reaction mixture,
provided MDIs 3-X-R in up to 93% isolated yield. In some
cases, a small amount of additional product can be recovered by
extraction of the aqueous filtrate with CH,Cl,. Although the re-
action byproducts are often polar and soluble enough in AcOH
to be removed during the filtration process, additional purifica-
tion can be easily achieved by passing the crude product mix-
ture through a SiO; column.
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Figure 3. a) Synthetic pathway for the preparation of 3-X-R com-
pounds. i) 10 eq. KMnO4 / tBuOH / H20; ii) RNH2 / AcOH. b)
Single crystal X-ray structure of 3-Br-Ph. c) Table of isolated
yields for a variety of 3-X-R compounds with a focus on variation
in X. Reaction conditions: 0.1 M 2-X in AcOH, 2.1 equiv R-NHa,
110 °C, 16 hr.

This method is successful with a variety of amines and there
is no discernible trend between the identity of the halogen and
the reaction yield. Hexylamine, aniline, and benzylamine react
smoothly with 2-X (X = Cl, Br, and I) in good yields to produce
a suite of 3-X-R compounds. Single crystal X-ray data for 3-
Br-Ph confirms the MDI constitution of the products (Figure
3b). It is notable, as will be discussed below, that yields tend to
be higher for the halogenated 3-X-R compounds than the non-
halogenated ones. Amino acid methyl esters can also be readily
converted into MDIs, which suggests they may be interesting
building blocks for self-assembling small molecules.??7 At-
tempts to perform imidization with 6-amino-1-hexanol,



however, resulted in complex mixtures as a consequence of ac-
etate ester formation with the free alcohol. With these results in
hand, we attempted to install more sterically demanding N-
groups such as branched alkyl chains and 2,6-dialkylaryl groups
since these are commonly used by organic materials chemists
to manipulate crystal packing and solubility. Although 2-
ethylhexylamine reacted readily with 2-H to yield 3-H-EtHex,
imidization of 2-H with the more sterically hindered nucleo-
philes such as (S)-1-phenylethan-1-amine and 2,6-diisopropy-
laniline proved to be more recalcitrant. We were unable to iso-
late any products after applying our standard reaction method,
and heating (S)-1-phenylethan-1-amine with 2-H for 3 days at
110 °C resulted in only 11% formation of 3-H-1PhEt. These
low yields for sterically hindered amines were also found when
attempting these same reactions using our older solid-state ap-
proach (Figure 4).

To overcome this slow reaction rate, we turned to microwave
reaction conditions. Gratifyingly, reacting 2-Cl and (S)-1-phe-
nylethan-1-amine at 200 °C for 24 hours led to 58% isolated
yield for 3-H-1PhEt. Under these forcing conditions, an im-
portant consideration is whether nucleophilic aromatic substitu-
tion (SnAr) reactions at the aryl halides start to take place when
X = halogen. In our trials, we did not observe significant levels
of SNAr reactivity when 2.1 equiv of amine was reacted with
tetraacid 2-Cl. However, when 12 equivalents of (S)-1-phenyle-
than-1-amine were reacted with 2-Cl, we did observe core-dia-
minosubstituted derivatives in the resulting product mixture.
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Figure 4. Comparison of isolated yields for imidizations between
2-X and sterically demanding amines under varying reaction con-
ditions.

Mechanistic Insights. Our first attempted synthesis of 3-H-
1PhEt under microwave conditions was performed at 200 °C
for 2 hr of reaction time and resulted in 11% isolated yield. Both
running the reactions for longer (200 °C for 24 hours) or with
more equivalents of nucleophile (12 equiv. amine, 200 °C for 2
or 24 hours) improved the isolated yield, to 58% and 46%, re-
spectively. It is worth noting that the excess amine approach is
not feasible under microwave conditions when X = halogen be-
cause of the competitive SyAr reactions. From a mechanistic
perspective, these observations suggest that in AcOH solvent,
the reaction is likely taking place under overall equilibrating
conditions. To gain more insight into the reaction process, we
performed a 'H NMR time-course study of the reaction between
2-H and (S)-1-phenylethan-1-amine in ds-acetic acid at 110 °C.
Upon dissolving only 2-H, the 'H NMR spectrum reflects the
presence of a complex mixture of anhydrides corresponding to

intermediates with or without symmetry around the central ben-
zene ring. Although we cannot rule out cyclic anhydride for-
mation, we believe that mixed acetic anhydride formation is
more likely based on the solubility of the reaction intermediates.
Upon addition of the amine and heating for 5 minutes, a number
of different intermediates are detected by 'H NMR spectros-
copy and formation of the desired MDI product is first observ-
able after 20 minutes of reaction time. After 19 hours, the mix-
ture resolves itself into being primarily four species, three with
symmetry around the benzene core and one without. After 11
days of reaction time, the desired product constitutes only 18%
of the product mixture, which highlights the value of micro-
wave reaction conditions for achieving higher yields on a rea-
sonable time scale. The NMR spectrum of the reaction after a
total of 31.5 days at 110 °C shows that the product distribution
reaches a roughly 1:1:1 ratio of 3-H-1PhEt, 4-H-1PhEt, and 5-
H-1PhEt (Figure 5c¢).

We were able to tentatively assign the structure of the reac-
tion intermediates by performing column chromatography on
incomplete reaction mixtures and analyzing the filtrates col-
lected during reaction workups. Of these, the most notable in-
termediates are dicarboxyphthalimides 4-X-R and 5-X-R,
which correspond to the asymmetric and symmetric possibili-
ties, respectively, for monophthalimide formation between the
tetraacids 2-X and an amine. It is again worth noting that during
the reaction, however, it is difficult to rule out whether mixed
acetic acid anhydride derivatives are the dominant species. Lig-
uid chromatography mass spectrometry analysis of crude reac-
tion mixtures corroborates the 'H NMR and preparatory obser-
vations of 4-X-R and 5-X-R as the primary reaction byproducts,
but also reveal one other identifiable product corresponding to
a diamidophthalimide species 6-X-R. We believe this isomer is
more likely because the analogous diamido derivative of 4-X-
R should be more likely to proceed to cyclize into 3-X-R.



a) Intermediates and byproducts detected

o, R
N
X o} RNH,
“H,0
X O 2
Ho Yo O
HO._O
OH 4-X-R
X 0 RNH,
. 0 A;O(H)
—n2
Ho~So M
R HO._0O
2.X &
& RNH,
N-R
X —H,0
o
HO o
5-X-R

b) DFT analysis of reaction intermediates

i 2-Cl + 2MeNH,
L —

= | 2-H+2MeNH,
5] _—
E ' -37 -4.0
= &= — \
R \ 7.0
£ — Shife e 81 LD 79
w +MeNH; +4H,0 -Cl-|
- aHMe o0 20 4-Cl-Me ffﬂ' Z': 3-Cl-Me
= + MeNH, ! + MeNH, 2He 2 +4H,0
+2H,0 : +2H,0 *2H0

) "H NMR spectra in ds-acetic acid

3-H-1PhEt

2-H

2-H + (S)-1-phenylethan-1-amine

5 min Y J
Mo

20 min

1hr

19 hr [} L

105 hr U_L_ 1
290 hr ) |
755 hr Nl ]\h JL

T T T T T T T T T T T
8.60 8.50 8.40 8.30 8.20 8.10
5/ ppm

Fig-
ure 5. a) A simplified schematic of reaction intermediates and by-
products during the formation of 3-X-R. b) A comparison of DFT-
calculated energies for X = H or CI and R = Me in implicit AcOH
solvent (M062X / 6-31G(d)). ¢) '"H NMR time-course study of the
reaction between 2-H and (S)-1-phenylethan-1-amine in ds-acetic
acid at 110 °C, focused on the aromatic region.

From a purely statistical perspective, intermediates 4-X-R
and 5-X-R should be formed in a 3 to 1 ratio because both the
1- and 2-carboxamide derivatives of 2-X can dehydrate into in-
termediate 4-X-R, while only the 2-carboxamide can cyclize
into intermediate 5-X-R. To add context to our understanding,
we performed density functional theory calculations
(M062X/6-31G(d)) with implicit acetic acid solvent to evaluate
the energy landscape of the reaction for the reaction between
methylamine and either 2-H or 2-Cl. In both cases, the

formation of the less symmetric 4-X-Me is thermodynamically
favorable compared to the formation of 5-X-Me. Interestingly,
the transformation of 4-H-Me into 3-H-Me is found to be an
uphill process by 3.5 kcal/mol, while the analogous conversion
of 4-Cl-Me into 3-CI-Me costs only 0.3 kcal/mol. Although
these calculations do not account for the added complexities of
mixed anhydride formation or R group identity, they do corre-
late with our experimental findings that 3-X-R formation is
higher yielding when X = halogen. Taken together, it is reason-
able to posit that the statistical advantage of monophthalimide
formation balances against substrate-specific energetic differ-
ences to influence overall conversion into MDI products.

In conclusion, we have developed methods for the prepara-
tion of a wide range of 5,6-dihalobenzene-1,2,3,4-bis(dicar-
boximides) from the direct solution-phase condensation of ben-
zene-1,2,3 4-tetracarboxylic acids and primary amines in acetic
acid solvent. The preparation of compounds with sterically de-
manding groups at the N atoms of the imides can be achieved
readily under microwave conditions. Experimental and compu-
tational studies suggest that the reaction can take place under
equilibrium conditions that are favored both statistically and
thermodynamically to yield the desired ortho-diimide com-
pounds instead of the symmetric dicarboxyphthalimide. Im-
portantly, it is possible to avoid perturbing the aryl halide posi-
tions under these reaction conditions, which sets the stage for
exploring a broad range of chemistries available for producing
imide-decorated aromatic compounds with tailored form and
function.
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