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additions of dimethyl itaconate

Daniel M. Day, Thomas J. Farmer, James Sherwood, James H. Clark*

Green Chemistry Centre of Excellence
Department of Chemistry

University of York

Heslington

North Yorkshire

UK

Y010 5DD 5\

*james.clark@york.ac.uk O

Abstract \O

The aza-Michael addition is a versatile reaction for the monL(biJnsaturated carbonyl compounds
with amines. The reactivity of dimethyl itaconate as a bs _#BseNMichael acceptor is explored in this work
Through its reactions with piperidine and dibutylami as found that the order of reaction can be
changed by the choice of catalyst, solvent, or &entration of the amine reactant. The effectiveness of
catalysts was proportional to their Lewis acid@etitive isomerisation of dimethyl itaconate into
unreactive regioisomers can be suppress%_i: low-polarity solvents and lower temperahises
investigation of the aza-Michael additio ethyl itaconate has clarified the possible reaction

mechanisms and optimised the prot : porting further use of this reaction in small molecule synthesis
and modification of polymers. &

O

Keywords Q
Michael addition; Kine% alysis; Solvent effect

1. Introduction

Itaconic acid is an unsaturated dicarboxylic acid and a vallédsleased chemical intermediate. Itaconic
acid is produced from carbohydrates by microbial fungi fermentati®he production of bio-based
polymers from itaconic acid is of major interésis is the synthesis of small multifunctional molecdl&ge
modificationof itaconate polyesters by addition reactions has recently been explored as a means of
modifying material propertie$>578The conventional Michael addition undertaken by a nucleophilic
carbanion (Michael donor}vs§} v -utsaturated carbonyl compound (Michael acceptor) is well studied.
As summarised by Mathérthe Michael addition is base-catalysed with a rate limibirgolecularl,4-

addition step.

Michael-type additions, such as those between an amine and a Michael acceptor (hereafter described as an
aza-Michael addition) are commonplace in organic synthesis (Scheme 1). It is suggested from the calculated
reaction intermediates (via a Density Functional Theory model) that the aza-Michael addition onto acrylates
occurs via a third order reaction. A second amine molecule stabilises proton transfer in a 1,2-aéitfition.
Experimental evidence of a trimolecular, entropy-controlled reaction of nitroethylenes with amines has also
been reported? Thus the Michael addition and aza-Michael addition have fundamental differences. A base
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catalyst is not required for aza-Michael additions, and instead Lewis acids are commondg oatalysts'?
lodine is particularly interesting as an effective catalyst, owing to its ability to form halogen Hdmis’
Furthermore, iodine can be supported on alumina or silica to aid recyclafility.
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Scheme 1The reaction of dimethyl |taconatd)( rm ifS isomers dimethyl mesacona® @nd dimethyl citraconate

(3) and reaction with an aminel)to give a d| -(dialkylamino)methyl butanedioa. (

Alcohols are commonly usedﬁ&ents for aza-Michael additions, having previously been shown to provide
rate enhancement$22°2 § at do not interact as strongly with the reactants, e.g. hydrocarbons and
hydrochlorocarbons, red in asymmetric syntheses to preserve high stereoselectivity, sometimes at
the expense of yield&>*2"% is not known if the assumed third order mechanism of aza-Michael addition
applies to itaconates, or'tinder what conditions the mechanism may change to accommodate catalysts or
(hydrogen bonding) solvents.

In this work, the aza-Michael addition of dimethyl itaconditphas been studied to clarify its specific
reaction pathways and inform future studies. Itaconic acid and its esters may be subject to isomerisation
under certain conditionsl can form dimethyl mesaconat@)(and dimethyl citraconate3j, which have
previously been shown to be unreactive towards amig<€YTherefore, it was of interest to understand

the equilibria between isomers-3. Regarding the aza-Michael addition itself, the influencé of the rate

of reaction has been evaluated, as has the role of catalysts, solvents, and reaction temperature on the
formation of the aza-Michael addudd)( This fundamental mechanistic information has been used to
develop an understanding of the mechanism and permit reaction optimisation on a challenging (i.e.,
sterically hindered) substrate.
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2. Results and Discussion

2.1 Isomerisation of dimethyl itaconate

Dimethyl itaconateX) has 2 common regioisomers: dimethyl mesaconajea(id dimethyl citraconate3j.
Theregioisomerisation is not spontaneous and no isomersweére present in the start material. However,
amines catalyse the isomerisationfand so by performing an aza-Michael addition, isomefsat likely
to be formed? Fortunately, the aza-Michael additiovas observed only to occur on the itaconate isomer
under the conditions used in this work. A methyl group sterically blocks addition reactiong ong By
contrast, fumarates do undergo Michael additicfis.

The isomerisation af in the presence of non-nucleophilic amines and Lewis acids was obserigdbyR
spectroscopy after 24 hours at 30 °C without an auxiliary solvent (Table 1 and Figluea$d acids do not
catalyse the isomerisation dfwithout the addition of an amine (Table 1 egtrie8)1-The weak base

pyridine also did not cause the isomerisatioridiTable 1 entry 4). A 2.5 m%oading of triethylamine (TEA)
resulted in 7% conversion frofnto 2, increasing to 25% conversion wit@ ivalent of triethylamine

present (Table 1 entries 5-6). Cooperative catalysis by a Lewis acjem presence of triethylamine (1
equivalent) modestly increased the proportion2fTable 1 entrie @ stronger base 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) was more effective, e to convert @74bbco2 within 24

hours, and additionally 3% conversion3evas observed (Tab ntry 10). Reactions with 1 equivalent of
DBU caused the decompositionlnd were not pursu erMWVhen DBU (2.5 mol%) was used in
conjunction with a Lewis acid, the proportlonbpre reduced (Table 1 entries 113); the opposite

of what occurred with triethylamine. This is li caused by an acid-base interaction between DBU and
the Lewis acigreducing the basicity of DBU ar@ventmg the desired coordination between the Lewis acid
and 1.

Table 1. Catalysed isomerisation of %taconalec( dimethyl mesaconate?]. Visualised data is provided as
ESI, Figure S1.

Entry Lewis acu@ 1%) | Base (mol%) Molar ratio
1 2 3

1 lodine None 100% 0% 0%
2 Scandium triflate None 100% 0% 0%
3 Zinc chloride None 100% 0% 0%
4 None Pyridine (2.5%) 100% 0% 0%
5 None TEA (2.5%) 93% 7% 0%
6 None TEA (100%) 75% 25% 0%
7 lodine TEA (100%) 67% 33% 0%
8 Scandium triflate TEA (100%) 54% 45% 2%
9 Zinc chloride TEA (100%) 70% 30% 0%
10 None DBU (2.5%) 30% 67% 3%
11 lodine DBU (2.5%) 78% 22% 1%
12 Scandium triflate DBU (2.5%) 72% 27% 1%
13 Zinc chloride DBU (2.5%) 90% 10% 0%

In the absence of solvent, 77% conversio2 tan be achieved in the presence of TEA (but only after 1
month). The internal alkene &fis therefore more stable than the terminal alkeneldjut the isomerisation

has a high activation barrier that requires a catalyst to overcome. Anticipating that most transformations of
itaconates will require a solvent, the influence of the solvent on the equilibria betd&g2nand3 was

3
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explored (Figure 1 and Figure SA)linear solvation energy relationship (LSER) describes the effect of

solvent polarity on chemical phenomena, typically rate constants (k) and equilibrium constants (K). Solvent

polarity is usually described for this purpose using the Kamlet-Abboud-Taft solvatochromic parameters. A
combination of hydrogen bond donating ability{U ZC &}P v }v % S]vP ]0]SC ~t-
can be used to quantify solvent effeésSolutions ofl in the presence of triethylamine (1 eq.) were stirred

at 30 °C for 2 weeks. At this time, the equilibrium was reached or was approaching equilibrium based on
analysis at earlier intervals. The proportion3ofvas small across this study of ten solvents, so as an
approximation, a simple equilibrium betwedrand 2 was presumed to construct the LSER. In eight solyents
In(K) was proportional ta Zmethanol (MeOH), ethanol (EtOH§opropanol (IPA}etrahydrofuran (THF)
N,N-dimethyl formamide (DMF), acetonitrile (MeCN), polyethylene glycol-400 (PEG), and chlodoform-
(CDG) (Figure 1). The most effective solvent (PEG) resulted in 64% conversion, and conversely only 43%
conversion ta2 was achieved in CRCThis solvent effect (i.e., proportionality withZ is also observed in
keto-enol tautomerisation. It was previously found that keto tautomers age.more stable in dipolar sqlvents
and the equilibrium begins to favour the enol tautomer in less polar sol (with a lwalue)?’ If the

base catalysed isomerisation binto 2 occurs via an enol or enolate, lo ity solvents will stabilise the
enol tautomer ofl and reduce the equilibrium constant.

(a) Reactionscheme P4 :

~
L)

N

(b) LSER

TR

o TEA
0.60 - & EG @
DMF /@
0.40 - } MeCN .
= y=25048k-16935
= 0.20 1 R2=0.9607
= / DMSO-d ©
000 MeOH'®
IPA @ EtOH
THF @'
-0.20 4 /
CDCl; ®
-0.40 . . . . .
0 0.2 0.4 0.6 0.8 1
.n.ir

Figure 1. The relationship between the isomerisation of dimethyl itacoriat® (dimethyl mesaconate2] and solvent
dipolarity. (a) Reaction scheme. (b) Linear solvation energy relationship (LSER).

There were two exceptions to the correlation in Figure 1. Excess TEA in the role of the solvent produced a
high concentration o (66% conversion) relative to its dipolarity. This cannot be directly attributed to the
catalytic nature of TEA, but the excess base may create an environment conducive to an alternative
mechanism. By contrast, deuterated dimethyl sulphoxide (DM§@roduced a lower equilibrium constant

4
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than predicted from its dipolarity. The solution turned a dark purple colour, which is indicative of side
reactions.

Previous reports of fumarate-maleate isomerisation in the presence of amines show the reaction is third
order, catalysed by nucleophilic primary and secondary amines but not tertiary affft&slsomerisation

of itaconate esters must occur by a different mechanism in which tertiary amines can participate. The
greater rate of isomerisation df caused by DBU compared to triethylamine, and no reaction in the presence
of pyridine, implies base catalysis. Additional kinetic experiments were conducted with triethylamine in
either isopropanol (IPA) or tetrahydrofuran (THF) applying the Variable Time Normalisation Analysis of Buré
(Figure S33* At 50 °Cthe observed reaction is consistent with a bimolecular mechayfisst order with

respect tol and first order with respect to catalyst (triethylamine), in either solvent. By contrast, fumarate
isomerisation is second order with respect to amine concentration, with one equivalent of amine acting as a
nucleophile and the second equivalent of amine transferring a proton. The reaction has a greater rate
constant in IPA than THF, although both were slow to progress. Conver%further reactions in ethanol and
DMSOds progressed rapidly, quickly reaching the presumed equilibri hus unsuitable for accurate
kinetic studies under equivalent conditions to the reactions alreadégwed in IPA and THF.

As represented in Scheme 2, the kinetic analysis suggests depwgt dy @t base will result in an enol

that undergoes rearrangement. A low energy cyclic transiti {® favours the formatmbé

formation of3was limited, when observed at all. The abilitv) ewis acid to modify the observed quantity
of 2 after 24 hours (see Table 1) implies an interactior@ a Lewis acid may also have a role, potentially

stabilising an enolate intermediate. 2 \
(a) Base catalysed @
QO

'/‘: N Eta

O H
I O o SO~
Co (0

A
1 H

O

O
ot o
O
2

(b) Base and Lewis acid catalysed

(‘: NEt,
o H 0
3
COMX o {1 Co
1 n Etgﬁ;H LA

Scheme 2. Isomerisation of dimethyl itaconal®t6 dimethyl mesaconate? catalysed by (a) triethylamine and @y
catalysed by triethylamine and a Lewis acid representddfas
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2.2 Michael donors
The reactions of dimethyl itaconat&)(with piperidine 4a), dibutylamine 4b), andbig2-ethylhexyl)amine

(40) (Scheme Bwere performed neat at 30 °C and 50 °C to ascertain the relative reactivity of the three
secondary amines in aza-Michael additions. Primary amines were excluded to avoid secondary
reactions323334 Reactions were once again monitored'byNMR spectroscopy. Increasing the temperature
had a minor effect on conversions to the intended prodbitiut did enhance isomerisation (Table 2 and

Figure 8). Piperidine 4a) reaced rapidly with1 at 30 °C, resulting in 85% conversion to dimethfd-2-
piperidinylmethyl)butanedioate5a) in 90 minutes, and 4% conversion2@Table 2 entry 1)Anincrease in
temperature to 50 °C only slightly improves the conversioBaaeaching 91% after 24 hours (Table 2 entry

4). Dibutylamine 4b) is less reactive thada, which can be attributed to steric hindrance (Table 2 entries 5-

8). The conversion is only 3% after 90 minutes regardless of the temperature, improving marginally after 24
hours. The addition of 10 equivalents4ij was more effective at promoting the aza-Michael addition at 30
°Cthan an increase in temperature to 50 °C, but still only 23% conversia@to dimethyl 2-
(dibutylamino)methyl butanedioatesp) was observed (Table 2 entry. Q) we concluded tha@0°C

iS an appropriate reaction temperature, for the formation of isomerisa@rodaaew is suppressed

and conversion to the intended product is similar to that achieved Ctions at the higher temperature of
50°C.

H
® )
N~ TN N N
H H H H
4a 4b \ 4c 4d

Scheme 3. Amine reactants used in th@

Table 2The reactivity of amin
stated). The complete sef of

imethyl itaconateX) in solvent-free equimolar reactions (unless otherwise
[ISed data is provided as ESI, Figure S4.

Entry | Duration J Temp. /°C| Amine Molar ratio
/hours 1 2 3 5

1 15 30 4a 11% 4% 0% 85%
2 24 30 4a 1% 4% 0% 95%
3 15 50 4a 7% 8% 0% 86%
4 24 50 4a 1% 8% 0% 91%
5 15 30 4b 86% 10% 0% 3%
6 24 30 4b 45% 45% 2% 8%
7 15 50 4b 74% 24% 0% 3%
8 24 50 4b 27% 61% 2% 11%
9 24 30 4b? 35% 40% 1% 23%
10 24 30 4d® 1% 4% 0% 94%

a. Ten equivalents ofb.
0.5 equivalents odd.

=3

The reactions oficwere unsuccessful, with a slow rate of isomerisatio taut no aza-Michael addition
observed (Figure S4). The reactiorievith 0.5 equivalents of piperazinddq) progressed rapidly at03C
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despite poor mixing of the solid reactants (Table 2 entry 10). A white crystalline solid was isH|&ited (
bigdimethyl 2-methylene butanedioate) piperaziri) which was characterised and consistent with the
double aza-Michael addition of diamidel.

2.3 Solvent effects

Given that the aza-Michael addition betwegmwith 4ais fast, this reaction was chosen for the study of

solvent effects. The time scale of the uncatalysed reaction becomes suitable for kinetic analysis at low
concentrations of the reactants. The formationgawas conducted in the same ten solvents used to study
the isomerisation ofl (Section 2.1)Benzyl benzoate was added as an internal standard to calculate the
concentration of the reaction components Byt NMR spectroscopy. Formations was most rapid in the
primary alcohols and dipolar aprotic solvents DMF and DidS@lithough conversions were ultimately

higher in methanol and ethanol (Figure SH)e remaining solvents perfor similarly with the exception

of CDGCJ in which the reaction is considerably slower (Figure 2). It wa ted that TEA would accelerate
the reaction!? but no benefit over non-basic solvents was found. Al mEA catalyses the isomerisation
of 1to 2, the aza-Michael addition is presumably not base cataly, @wlike the conventional Michael
addition), and the possibility of an amine assisted mechanis t Operate by other means. The competing
isomerisation ta2 was significant in DMS@-but negligible in nol, ethanol, and Cii@lparticular.
Isomerisation in DMS@s and CDGIollowed the trend wijly ¢¢8st&glished in Figure 1. Although

isomerisation can be significant in alcohols (~50% Q?erved in previous experiments) the rapid aza-
Michael addition consumes the majority bso t '\%n be converted in®or 3.

(a) Reactionscheme

(b) Product concentration

0.60 -

—O- EtOH
0.50 A —— TEA
S 040 - —A- CDCl;
o
S
§ 0.30 -
o
L]
£ 0.20 -
O
0.10 A
0.00 T T T T 1
0 2 4 6 8 10

Time /hr

Figure 2Productionof azaMichael adducba in selected solvents from an initial concentration of dimethyl itaconate
(1) of 0.6 M. (a) Reaction scheme. (b) RatBaformation. Additional data is presented in Figure S5.
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The performance of the reaction in secondary alcohol IPA and diol PEG was noticeably different to methanol
and ethanol. These alcohols can be differentiated by their hydrogen bond donating ab)iliyith methanol

and ethanol superior in this respect compared to IPA and PEG. Previous work has shown a relationship
between the rate of aza-Michael additions and thi€ of alcohol solvent§o" Bookmark not defined The present
experiments indicate a correlation between the ratebafformation and hydrogen bond donating ability) (

in alcohol solvents. This supports the hypothesis that proton transfer is rate determining and assisted by
protic solventgr Bookmark notdefined Ha\yeyer, in this case the reaction may no longer proceed via a third

order reaction (Scheme 4, specisif a solvent molecule performs the proton transfer in place of an amine
(Scheme 4, specid®. Furthermore, the relationship between v & S]}v B § } » v}§ A %0 ]v
differences observed between aprotic solvents. To investigate further, the order of reaction was ascertained
in ethanol, IPA, DMS@s, THF, and CDChgain using Variable Time Normalisation Analysis (Figufé B&).

order of reaction with respect t& was always found to be 1 (Table 3). In the aprotic solvents D &6d

THF, the reaction was second order with respecta@nd therefore third orger overalAssuspected, in

ethanol the reaction was found to be bimolecular (first order with respe Ths finding suggests a 1,2-
addition is preferred because the stabilisation offered to the 1,4-additi eChanism by a non-reactive
equivalent of amine or alcohol can be expected to be weaker due@ -membered ring that is formed
(Scheme 4, speci€3 instead of the more stable 6-membered ring.

\

Scheme 4. The reaction of dimethyl itaconatgwith an amine4) to give a dimethyl Zdialkylamino)methyl
butanedioate §) annotated with intermediates. Cycles are highlighted in green (6-membered ring) or orange (8-
membered ring). There is the possibility of a Lewis acid (LA) interacting with the reaction components.
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Table 3Reaction rate parameters for the reaction between dimethyl itacondea(d piperidine4a). Visualised data
is provided as ESI, Figure B&rror ranges correspond to 1 standard deviation.

Solvent Reaction order | Activation parameters 10*kops at 30 °C
1 4a 4 " [kJ-mof 4 ~/J-molt-K!

EtOH 1 1 30.9+1.0 -203t3 7.25+0.18m3mof?-s?
IPA 1 1.6 26.0+0.6 -226+2 3.48+0.08dm*8mol*6.st
THF 1 2 13.5+0.2 -268+1 2.90+0.06dmé-mof2.s?
DMSOds |1 2 n.d.2 n.d.? 23.9+0.8mé-mof?2.s?
CDGP 1 2 n.d.? n.d.? 0.88+0.03mé-mof2.s?
CDGJc 1 1 n.d.?2 n.d.?2 0.30+0.01dm?-mol?-s?

a. Not determined.
b. At concentrations oftaof 0.5 M and greater.
c. At concentrations oftaless than 0.5 M.

The reaction in IPA did not fit the profile of an overall second or third order rate equation. A non-integer
reaction order of 1.6 with respect #a produced the best data fit (Table 3 and Figure S6). In this example,
the competing bimolecular and trimolecular mechanisms must have a similar rate constant. This will occur if
IPA (bimolecular mechanism, via sped@asd Scheme Yland4a (trimolecular mechanism, via specik®f

Scheme Yoffer comparable proton transfer stabilisation. The reaction temperature was then varied and
reactions repeated in ethanol, IPA, and THF to obtain the enthalpy and entropy of activation from the Eyring
equation. Both terms decrease as the order of reaction with respedatocreases from 1 to 2 (Figure S7).

In THF, the trimolecular reaction has an enthalpy of activatirf)(©f 13.5 kJ-mot and a entropy of

activation (4 A of -268 J-mot-K! (Table 3). In ethanol, the enthalpy of activation increases to 30.9 k3-mol
(despite the greater rate constant magnitude), higher than expected for a proton transfer. This may be
explained by the lower basicity of ethanol compareditowvhich is replaced in the activated complex

(specieB rather than specieé, Scheme 4). The reason it is favourable to replcwith the (relatively)

poor proton transfer agent ethanol (or IPA) within the activated complex is the relative increase in the
entropy term to 203 J-mof-K? (in ethanol, see Table 3). As expected, the bimolecular reaction undergoes a
lesser reduction in entropy4 A compared to the trimolecular reaction. The activation parameters in IPA are
intermediate of ethanol and THF. The non-integer reaction order of 1.6 in IPA did not change at higher
temperatures (Figure S6).

Both bimolecular and trimolecular reaction mechanisms are required to explain the reaction kinetics in
CDGl Unlike IPA, in which both mechanisms are simultaneously in operation, a preference for one
mechanism prevails in CR@kepending on the concentration of the reactants. At higher concentrations of
44a, a trimolecular reaction, second order with respecttm accounts for the observed reaction kinetics
(Figure S6). Unexpectedly, even though xllinot stabilise proton transfer as an alcohol solvent might,

the kinetic study was consistent with a bimolecular reaction at low initial reactant concentrations. The rate
constant is about a third of the magnitude of the trimolecular reaction in £D@é bimolecular mechanism

is observed when low reactant concentrations result in a greater rate of reaction than the trimolecular
mechanism (i.e., the derivative & concentration as a function of time, 5#]/dt, Figure S8). This

observation is consistent with a change of mechanism rather than a change of rate determining step. If the
latter were true, the order of reaction with the slower rate of reaction would be observed. Instead, we can
deduce the entropy-controlled trimolecular reaction becomegavourable at low reactant concentrations

The reaction may now proceed via a bimolecdlgaddition so that an intramolecular hydrogen bond is
formed to assist proton transfer (Scheme 4, speEiesreviously published computational steslsuggest

that the 1,2-addition mechanism is often the most energetically favourable, but a 1,4-addition is competitive

9



262 depending on the nature of the reactant&® The concentration of the reactants was not previously
263 identified asacause of a change in mechanism.

264 A LSER needed for each mechanism to accurately describe the solvent effect in the reaction between

265 and4a. Six solvents promote the trimolecular reaction proceeding via sp&dieScheme 4 (includinGDG

266  but excluding IPA, see Figure S%e Kamlet-Abboud-Taft parameters were correlated to rate constants in
267  the form In(k) (Figure 3). Bothand<Z A E +3 3]+3] o im@esgribinp(the rignolecular reactipn

268  both being beneficial to the rate of reaction (see inset equation in Figure 3). This quantifies the observation
269 that dipolar aprotic solvents accelerate the reaction. Polar solvents (with hifyalues) may stabilise the

270 pericyclic activated complex, analogous to a Diels-Alder reat&idgdrogen bond accepting solvents (with

271 high t values) may additionally stabilise the amine hydrogen atoms during proton transfer.

272

273

274  Figure 3. Predicted rate constants for trimolecular reactions between dimethyl itacajaaed piperidine4a). (a)
275 Reaction scheme. (b) Linear solvation energy relationship (LSER). The complete set of visualised data is provided as ESI,
276  Figure S9.

277

278  Only four solvents produced bimolecular reacsgmethanol, ethanol, low concentration reactants in GDCI
279 and TEA) and so a LSER was unreliable. Howewes statistically significant, reflecting the rate

280 acceleration provided by alcohol solvents (Figure S9). The strength of the intermolecular interaction
281 between an alcohok } 0 A v®Fehydrogen atom and the carbanion formed upon 1,2-addition anto

282  (Scheme 4, speci€y would appear to be important in dictating the rate of reaction. For this reason,

283  hexafluoroisopropanol was applied as the solvent. Withra\ oqf 1.962¢ about double that of typical

284  alcoholsa high rate of reaction was anticipated. In practice, the intended reaction did not occur. The
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exothermic addition oftato the solvent suggest the nucleophilicity of the amine reactant is nullified by
the acidity of the solvent. This is not true of every aza-Michael addition, for fluoroalcohols are effective
solvents for the reaction of less basic anilif&¥,Bookmark not defined3”38 The significant health hazards
possessed by fluoroalcohols should also be considered before being used as solvents.

The valuable rate-enhancing effect of alcohol solvents can only be exploited if the competitive oxa-Michael
addition with the solvent or transesterification éfdoes not occur. The reaction in methanol did not

produce any significant isomerisation bbor other observabl®y-products The oxa-Michael addition of
methanol ontol to give dimethyl 2-(methoxy)methyl butanedioa® €an be achieved by the use of 50

mol% potassium hydroxide as base and this method was used to provide a reference spectrum (Figure S10)
and material for further study (Scheme 5). Replacing KOH with TEA produced a low conves i)

after 24 hours at 50 °C. This suggests that in the presence of amines, alcohols can form the oxa-Michael
addition product withl, but in the case of the synthesis®H, the intended aza-Michael reaction is

sufficiently faster than the competing oxa-Michael addition to preserve essentially 100% reaction selectivity.
In a complementary experimentawas found to be unreactive in the presencespindicating the latter is

not an unstable (and hence unobservable) intermediate during the formati&asfiould methanol be used

as the solvent. Additionally, transesterification of the methyl esfeand5a was not observed in ethanol or

IPA under the standard reaction conditions used in this work (30 °C, <10 hours).

MeOH
KOH 0
o~ O
1 6

Scheme 5The oxa-Michael addition between dimethyl itaconat&)(and methanol.

2.4 Catalysis

It was possible to conduct the reaction betwektandaless reactive amine, dibutylaminéhy), in the

absence of a solvent or catalyst, but the conversgmdimethyl 2-(dibutylamino)methyl butanedioat&lg)

was slow (Table 2 and Figure $4)llowing previous work employing iodine as a catafy/gte conversion to

5b was much improved with the addition of 2.5 mol% iodireaching 75% in 24 hours. It was pertinent to
determine the order of reaction and understand the role of the catalyst before a wider catalyst screening. In
ethanol, IPA, and THF the reaction is first order with respect to eathbf and the catalyst iodine (Table 4
and Figure S11). With the addition of the catalyst, the reaction is no longer trimolecular in THF, and if a
proton transfer agent is no longer required in THF, the same could be true of the reaction in alcohol
solvents The reaction is faster in IPA than it is in THF, as was the case in the reactiansutfnow the

rate of reaction in ethanol is suppressed, with a rate constant between that of IPA and THF. This is further
evidence of a change mechanism, the catalyst providing a lower energy reaction pathway than a proton
transferring amine or solvent molecule. The rate constants are proportional to the hydrogen bond accepting
ability (t) of the solvent (Figure S11), which implies the solvent stabilises the proton transfer through
solvation but not necessarily as a direct participant.
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324  Table 4. Reaction rate parameters for the reaction between dimethyl itacofaen@ dibutylamine4b) catalysed by
325 iodine. Visualised data is provided as ESI, Figure S11.

Solvent Reaction order 10*kops at 30 °C

1 4b lodine
EtOH 1 1 1 2.97+0.06 driimol?-s?t
IPA 1 1 1 5.22+0.20dm*mol?*-s?
THF 1 1 1 2.40+0.07dm3mol?t-s?t

326

327 The Lewis acid catalysed aza-Michael addition betwleand4b is likely to be a 1,4-addition of the type

328 preferred in CDEht low concentrations (Scheme 4, sped®sA change in the rate determining step (i.e.,

329 to the initial addition reaction) is again ruled out on the basis that the presence of a Lewis acid catalyst

330 would only accelerate this step. What is unclear is whether it is the catalyst or the extra steric hindrance of
331 4bcompared todathat prevents a second amine molecule from participating in the activated complex.

332 Computational studies indicate a 1,4-addition is energetically preferable to a bimolecular 1,2-addition in the
333 case of sterically hindered amin&s-However, this is not the only way in which a 1,4-addition might be

334 favoured. Lewis acid catalysts will interact preferentially with the carbonyl oxygen of an enolate

335 intermediate, drawing electron density away from the alkene moiety a$ in al,4-addition (Scheme,4

336  specied).304041

337 Additional catalysts (2.5 mol% loading) were studied without an auxiliary solvent and stirring at 30 °C to
338 attempt to maximise the rate of product formation. Conversion$lovere calculated after 90 minutes, 24

339 hours, and 4 days usifgl NMR spectroscopy (Table 5 and Figure.Si2)-nucleophilic amines had a

340 modest effect on the reaction (Table 5 entries 2 andvBtal triflates were all effective, generally providing
341 a greater rate of reaction compared to iodine (Table 5 entry 4) initially and a slight improvement to the final
342  conversion after 4 days (Table 5 entries®- The differences in the Lewis acidity of the metal triflates do

343 not correlate with the perceived rate of reactidf® although the reaction was relatively rapid regardless of
344  the metal triflate present. Scandium triflate ultimately provided the highest conversion of 88%. The

345 concentration of3 was negligible across this study.

346
347
348
349
350
351
352
353
354
355
356
357
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358
359

360

361
362
363
364
365
366

367
368
369
370
371
372

373
374
375
376
377
378
379
380
381
382
383
384
385

Table 5. Conversion of dimethyl itaconatg éfter four days reacting with dibutylaminéky) in the presence of 2.5
mol% catalyst.

Entry | Catalyst Molar ratio
1 2 5b

1 No catalyst 23% 61% 17%
2 TEA 20% 60% 20%
3 DBU 25% 38% 37%
4 lodine 5% 18% 7%
5 Copper triflate 8% 10% 83%
6 Magnesium triflate 2% 15% 83%
7 Indium triflate 5% 10% 85%
8 Bismuth triflate 2% 10% 87%
9 Scandium triflate 5% 8% 88%
10 Zinc triflate 6% 9% 84%
11 Zinc tosylate 11% 38% 51%
12 Zinc acetate 15% 50% 35%
13 Zinc sulphate 20% 51% 30%
14 Zinc chloride 1% 17% 82%
15 Zinc bromide 3% 17% 80%
16 Zinc iodide 2% 13% 85%

An extended investigation of zinc complexes was undertaken to optimise the reaction with a catalyst based
on an inexpensive, low supply risk metalhe zinc halides performed similarly to the triflate salts (Table 5
entries 14-16). The conversion %b that was achieved generally foll@d the order established by the pK

of the acid form of the zinc salt, the notable exception being the poor performance of zinc sulphate (Table 5
entry 13). This may be due to the use of the heptahydrate Z@86D, thus introducing water into the

reaction.

Further studies were performed with scandium triflate (as the best performing catalyst), zinc chloride (a
simpler and more sustainable metal complerjiahe molecular catalyst iodine. It was found that the
scandium triflate or (to a lesser extent) iodine loading can be reduced significantly with minimal loss of
product conversion (Figure S18hanging the scandium triflate catalyst loading from 2.5 mol% to 0.25 mol%
reduced conversion t&b from 88% to 81% (in the 4 day reactioffe reaction is more dependeah zinc
chloride concentratiopfalling to 50% when using 0.25 mol% of catalyst.

It maybe that the limited solubility or poor mixing of some catalysts in the neat reactants makes higher
catalyst loadings irrelevant. To overcome any such limitations, solvents were introduced to the reaction
betweenl and4b, both uncatalysed and catalysed by scandium triflate. Interestingly, methanol and DMSO-
ds improved conversiont 5b in the absence of a catalyst compared to the neat reaction (Figure S14)
Reactions were performed as equimolar 2.4 M solutions, with methanol producing a satisfactory conversion
to 5b of 79%, albeit after 1 weeKhe addition of a solvent can increase the observed rate of reaction,
despite considerably reducing the concentration of the reactants, due to the alleviation of mass transfer
limitations. The solvent effect is also important, as the reaction in IPA was virtually identical to that without
an auxiliary solvent. The relative performance of the solvents is analogous to the uncatalysed reaction
betweenl and4a, but now the formation o8 was measurable (up to 3%) and transesterification was
observed in IPA. Minor signals in th& NMR spectrum of the reaction mixture in IPA after 1 week
correspondto the isopropyl estersf 1 and2 (Figure S15). An isopropyl ester equivalent of aza-Michael
product5b was not identified, but the slow rate of reaction and low concentration of transesterified
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substrates meant this by-product was not expected to be observed in significant quantities.
Transesterification by IPA was not observed in the catalysed reactiaits(evhich were performed on a
shorter time scale).

The introduction of a solvent also had a small but beneficial effect on the convershiimwdnen in the

presence of scandium triflate (Figure S16). This enhancement only occurred with small quantities of solvent.
More than a few equivalents of solvent slowed the reaction significantly (due to dilution). The choice
between methanol, IPA and DM3was not significant, all were capable of >80% conversi&b after 24

hours (slightly higher than the 76% conversion without solvent). Although this is likely to be a matter of
improved mixing and mass transfer, it is surprising that only 0.44 equivalents of methanol resulted in the
optimum conversion (88%). This mass of methanol is similar to the mass of catalyst used.

At this point, the reaction ofc with 1 was revisited. Previously no aza-Michael addition was observed to
occur (without a solvent or catalyst). Now with an understanding of solvent, catalyst and temperature
effects, the reaction was repeated in the presence of 2.5 mol% scandium triflate and 0.44 equivalents of
methanol at 50 °C. The reaction was slow but after 4 days 64% conversion to dimethyl 2-(di(2-
ethylhexyl)amino)methyl butanedioat&¢) was observed (Figurd 9. Thus, conditions were found to
transform a previously assumed unreactive amine into the intended aza-Michael adduct.

3. nclusions

It was found that the aza-Michael additions of dimethyl itaconate are very susceptible to changes in
conditions and can access different mechanisByscontrolling the observed reaction pathway, conversion

and selectivity can be maximised. The hypothesis of an amine assisted proton transfer step was previously
accepted, but superior rates of reaction are achiebgdan alternative bimolecular reaction, be it via an

alcohol or other catalyst. This work has clarified the acceleration of reaction rates by alcohol solvents and
revealed other phenomena such as the effect of concentration on the preferred reaction mechanism. These
findings can be used to optimise the synthesis of other aza-Michael additions including the synthesis of
pharmaceuticals and post-polymerisation modification of polymers.

4. BExperimental

All reactions were performed under air in sealed vials. Solutions of dimethyl itacd)atere preheated
(typically to 30 °C) prior to addition of amin® @nd catalyst. Reactions were typically conducted on a 2 mL
scale and monitored byH NMR spectroscopy using 300 MHz and 400 MHz spectromaAtipsots of the
reaction mixture were studied as solutions in G@EDMS0ds. The concentration of compounds was
calculated from the known concentration of internal standard benzyl benzoategiGhhl) and compared to
the integrals of characteristic signals belonging to the reaction comporiehtfRepresentative spectra are
provided as Figure S17-S20.

Kinetic analysis was performed using Variable Time Normalisation Analysis. The literature method was
followed 3! from which orders of reaction and rate constants were derived. This technique requires the

visual interpretation of several overlaid datasets, which must be adjusted to consider the potential orders of
reaction. To avoid producing a large number of similar charts, the data is provided in an interactive format as
a supplementary spreadsheet (ESI) which can be manipulated freely.

14



426
427
428

429
430
431
432
433

434

443

444
445
446
447
448
449
450

451
452
453
454
455
456

457

Solvent effects were determined using linear solvation energy relationships (LSER). Correlations were found
using the regression function of Microsoft Excel. Variables were excluded if p-values were above 0.1. In all
cases, molar volume was not determinasisignificant.

Dimethyl 2¢1-piperidinylmethyl)butanedioate5@), dimethyl 2-(dibutylamino)methyl butanedioatgly), and
dimethyl 2-(di(2-ethylhexyl)amino)methyl butanedioat&)were not isolated, but representativiéd NMR
spectra of the crude products are provided in Figures S17-S19 for refeiéhddisDimethyl 2-methylene
butanedioate) piperazines(l) was isolated (method below)H NMR and®*C NMR spectra are provided in
Figure S20.

435 N,N fbig(Dimethyl 2-methylene butanedioate) piperazirkl). To 0.949 g (6.0
436 mmol) of dimethyl itaconatel) was added 0.258 g (3.0 mmol) of piperazid) (
437  and stirred for 24 hours at 30 °C. The resultant solid was washed with cold
438 acetone, filtered and dried to give a white crystalline satal ( g, 94%

439  conversion)!H NMR 300 MHz (CRCB.69 (6H, s, 4 3.67 (6H, s,/ 3.07 (2H,
440 m, Hy), 2.71-2.55 (6H, m,ctdnd H), 2.43-2.36 (10H, mtnd H). *C NMR 75
441 MHz (CD@). 174.5 (§), 172.5 (), 59.3 (Q), 53.1 (&), 51.9 (&), 51.7 (¢, 39.7
442 (G), 34.3 (§. HRMS (ESI). Calculated 403.2075, observed 403.2077 (MH+).

Dimethyl 2-(methoxymethyl)butanedioaté)( To 0.237 g (1.5 mmol) of dimethyl itaconai$ fas added
methanol €a. 1 g, 20 equivalents) and 0.042 g of ground potassium hydroxide (0.75 frmaod) stirred for

24 hours at 30 °C. The reaction mixture was then concentrated, to which was added water (5 mL) and
extracted with dichloromethane (3 x 5 mL). The combined organic phase was dried with magnesium
sulphate, filtered and concentrated. The crude product also conthansd its isomers. This was used directly
in subsequent reactions. Characterisation was consistent with an earlier syrthasisnnotatedH NMR
spectrum is provided as Figure S10.
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x The mechanism of the aza-Michael addition is solvent-dependent.
X Lewis acid catalysts also change the mechanism.
X Optimised conditions allow the reaction of very sterically hindered amines.
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