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Abstract

Fossil-based solvents and triethylamine as a tamet volatile base were successfully
replaced withy-valerolactone as a non-volatile solvent andC®; as inorganic base
in the alkoxy- and aryloxycarbonylation of aryl idds using phosphine-free Pd
catalyst systems. By this, the traditional systemese not simply replaced but also
significantly improved. In the study, the effectsdifferent reaction parameters, i.e.
the use of several other solvents, the temperatioeecarbon monoxide pressure, the
base and the catalyst concentrations, were evdluaigetails on the efficiency of the
carbonylations. To gather some information on tleemanism of these reactions, the
effects of electronic parametets ©f various aromatic substituents of the aryl d=d

as well as the influence of para-substitution oemul were investigated on the
activity. For a comparison, the aryl-substitutegll andides were also reacted with
methanol and aryl iodide was also alkoxycarbonglaising several different lower
alcohols. From the observed correlations betweenetbctronic parameters of the
aromatic substituents and the rates, it appeatstliearate determining step is the
oxidative addition of Ar—I to P4 provided that sufficient amounts of nucleophiles
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present for the ester formation. If this is not dase, the rate of nucleophile attack

might determine the overall rate.

1. Introduction

Since the discovery of the Roelen reaction (hydrofgation) [1] and the
Reppe carbonylation, the transition metal-catalyzedrbonylation reactions,
providing facile and versatile methods for the adtiction of C=0 functionality to
various skeletons, have gained tremendous impatencumerous fields of synthetic
chemistry from laboratories to industrial applioat [2]. While several functional
groups,i.e. C=C, GC, C-OH etc. can be subjected to carbonylation,$%4 the
conversion of alkyl- and aryl-X compounds (X = I, Br) and carbon monoxide in
the presence of a nucleophile represent a fundamnesdtalytic method for
manufacturing various amides, carboxamides, caltmo®agids, esters, heterocycles,
azides, etc. [7,8,9,10]. The transformation of &alides with alcohols and phenols as
O-nucleophiles provides a direct route towardssghehesis of aromatic esters. These
structures have been widely used as building blo€ksologically active compounds
[11] including anti-inflammatory and antiseptic phmaceuticals [12,13] like those
found in liquid crystals [14,15], photosensitiz§t6]. Thus, both alkoxycarbonylation
and aryloxycarbonylation reactions continue to ineesignificant interest.

From the series of transition metals, Pd-basedystsaexhibit the highest
efficiencies for alkoxy- and aryloxycarbonylatioeactions [7,10] operating under
either homogeneous [17,18,19] or heterogeneousitcamsl [20, 21, 22]. From the
view of green chemistry, most of the alkoxycarbatigh reactions could be
completed in the corresponding alcohaola in methanol or ethanol, which serve both
as the reagent and as the solvent. However, arylnxg aminocarbonylations either
in homogeneous or heterogeneous systems have beenally performed in fossil-
based common organic solvents such as toluenahyetrofuran, 1,4-dioxaney,N-
dimethylformamide or even in dichloromethane or -di¢hloroethane [6, 7].
Solvents, which have high toxicity and/or high vapoessure, could have negative
impact on the environment. According to the FDAdguice for industry [23], these
solvents were classified into Class 1 and Clasghith utilizations should be avoided
or strictly limited, particularly in the pharmaceaa industry [23]. Thus from this
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respect, the use of most of the above-mentionadcestd including methanol should
be restricted. It is well-known that conjugatedsmscluding alkoxides, aryloxides or
amides are always better nucleophiles than theiresponding acid formsi.e.
alcohols, phenols or amines, respectively. Thus ptloblems associated with the use
of environmentally risky protic reagents and harnsflvents can be circumvented in
the carbonylation aryl or alkyl halides by using thppropriate conjugated base as
reagents in an appropriate aprotic solvent.

To exclude hazardous solvents from such alkoxy- amytbxycarbonylation
reaction, supercritical carbon dioxide [24,25] aoic liquids [26, 27] were already
successfully utilized as surrogates of conventiameds. However, if asblvent from
nature” [28] can exhibit appropriate properties such &isity and polarity, which
have been described by Kamlet—Taft parameters [R8ke applications should be
preferred. Horvath and co-workers identifieatalerolactone (GVL) as a renewable
platform molecule [30]. Due to its outstanding pbgband chemical properties e.g.
low-vapor pressure [31], low toxicity (Ldayar, oray = 8800 mg/kg) [30], low
flammability [32], no peroxide formation [33], GVtan be used as a surrogate of
conventional organic solvents for synthesis andlgsis. Beyond its first application
as a solvent for the dehydration of carbohydra@ds 35], several important transition
metal catalyzed reactions such as cross-couplifg33, 38], Pt- and Rh-catalyzed
hydroformylation [39, 40], and Pd-catalyzed amirrbocaylation [41] reactions were
successfully performed in GVL without significarftamges in the efficiency of the
catalytic systems. Thus, its application for aryloand alkoxycarbonylation reactions
of organic halides could also open an environmbntanign alternative for these
important catalytic transformations.

Herein we report on the phosphine-free Pd-catalyzgloxy- and
alkoxycarbonylation reactions of iodoaromatic coonpds usingy-valerolactone as a
renewable, environmentally benign reaction meditihe effects of different reaction
parameters,i.e. the use of several other solvents, the temperatim@ carbon
monoxide pressure, the base and the catalyst ctvatiens, were investigated in
details on the efficiency of the carbonylation. Tluactional group tolerances of

iodoaromatic compounds and O-nucleophiles weresdistied.



107 2. Experimental
108
109 2.1 General

110 Toluene, y-valerolactone, iodobenzene and its derivativegnph and its
111 derivatives, palladium(ll)-acetate, triethylamineprganic salts (N&O;, K,COs;,
112 KH,PQO,) were obtained from Sigma-Aldrich Kft. Budapestindary. Conversions
113 and yields were determined by GC—FID analysis peréal on HP 5890 instrument
114  (column RESTEC 30 m x 0.25 m x 0.@B, injection temperature: 250 °C; starting
115 oven temperature: 50 °C; rate-1: 2 °C/min; finahperature: 150 °C; rate-2: 25
116 °C/min; final temperature: 230 °C/min; carrier ga$; 1.30 mL/min). For the
117 analysis, 10uL of the reaction mixture was added to 1 mL of mighe chloride
118 followed by the addition of 1QL p-xylene as an internal standard. The producte we
119 identified by GC-MS using Shimadzu QP2010 SE imsémut.

120

121 2.2 Carbonylation reactions

122 In a typical experiment, catalyst precursor (Pd(RAi otherwise not stated:
123 0.280 mg, M0125mmol), 0.5 mmol of iodoaromatic compounds, 0.625ahd.5
124  equiv.) of O-nucleophile were dissolved in 2.5 mdlvent followed by addition of
125 1.25 mmol (2.5 equiv.) of base. The reaction metwas placed in a glass inlet tube
126 into a 25 mL Parr Hastelloy-C high-pressure reaetpuipped with manometer, safety
127 relief, thermometer and a magnetic stirrer. Thetwavas flushed with 10 bar of CO
128 three times and placed into a pre-heated oil batine given temperature. The final
129 pressure was adjusted at the elevated temperatbeereaction mixture was then
130 stirred for 4 h. The pressure was monitored anchtagied throughout the reaction.
131 After cooling and venting of the autoclave aftegigen reaction time, the solution

132 was removed and immediately analyzed by GC-FID@@C-MS.

133

134 3. Results and Discussion

135

136 3.1 Phenoxycarbonylation reactions

137

138 In order to verify the utilization of-valerolactone as a biomass-based alternative

139 solvent for aryloxycarbonylation reactions, theboarylative transformation of 0.5
140 mmol of iodobenzenelf) and 1.5 equiv. of phenc2d) to phenyl benzoate3§) was

141 selected as a model reaction in 2.5 mL of solv8chéme 1). First, the yields were
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compared in the presence of 2.5 equiv. ofNEas a base using the selected
conventional organic solvents and GVL under liter@atconditions [18]. Expectedly,
the model substrates showed negligible reactivitythie apolar n-octane (Table 1,
entry 1), however, by the use of common aprotiokdipmedia, moderate yields 8&
were detected at 100 °C after 3 h. GVL gave thehdsy yield of 3a (70%,
TON=280), which was 1.3 times higher compared toSi\under identical condition
(Table 1, entries 2—6). Because there are no signif differences between the
polarity/polarizability of DMF, DMSO, and GVL, orhé other hand their dielectric
constant is quite similar; its effect on the reawticould be rather limited. The
differences may be explained by the different ratiethe oxidative addition of Phl to
zero-valent Pd-carbonyl (Pd(COn = 1-3) species in different solvents (see #tep
in Scheme 2 vide infra), where n probably also ddpeon the nature of the reaction
medium. Kégl and co-workers have recently calcdldbat the addition of PhIL§)
was the most favorable to a 14 electronic Pd-speni®MF, which is the dicarbonyl,
Pd(CO) in the absence of a strong donor PHRiand. [42]. The same might be the
case with GVL, which has quite similar solvatochroparameters to DMF (Table 1).

(e}

P

O Qo 070

base, CO
1a 2a 3a

Scheme 1Phenoxycarbonylation of iodobenzerda)(in the presence of palladium-catalyst

Table 1.Phenoxycarbonyaltion reaction of iodobenzet® (n different solvents

LD oral rat Kamlet-Taft parametefs

# Solvenf (g kg Yield 3a TON'
B T (%) °

1 n-octane 5000 0.00 0.00 0.01 <5 <20
2 toluene 50064 0.00 0.11 0.54 37 148

3 1,4-dioxane 520t 0.00 0.37 0.55 30 120
4 DMF 28004 0.00 0.69 0.88 51 204
5 DMSO 14506 0.00 0.76 1.00 52 208

6 GVL 8800°? 0.00 0.60 0.83 70 280

 Reaction conditions: 0.5 mmol of iodobenzefia),(0.625 mmol of phenol2f), 0.00125 mmol
(0.25 mol%) of Pd(OAg) 2.5 equiv. of BN, pco = 7 bar, 2.5 mL of GVLT = 100 °Ct = 3 h; RPM
= 400 min%® o: DMF: N,N-dimethylformamide, DMSO: dimethyl sulfoxid&lDs, from references;
4 acidity, B: basicity, Tt polarity/polarizability obtained from ref. [29];:GC yield;" TON: Turnover
Number = mmol product/mmol Pd catalyst.
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Next, we have focused on the replacement ¢l s volatile and toxic (LE3 rat( oray=
560-590 mg/kg [44]) base in the carbonylation protoThus, the model reaction
was also carried out by using several differennof-volatile, inorganic bases by
varying parallel also the catalyst concentratiog. dmparing the results (Table 2,
entries 1-6), it was observed that at the catédgsting above (0.25 mol%), the use of
K.COs gave slightly lower yield oBa than an equivalent amount of;Bt Similar
difference was reported by Bhanage et al. [18]. Bgreasing the catalyst
concentration, the difference between the inorgaand organic base become
negligible, except in the case ofHPQy, proving the ESN can be replaced either by
potassium or sodium carbonate in this system. TKUEO; was selected for the
subsequent experiments. The investigation of thecebf catalyst concentration on
the conversion reveals that the Pd-loading couldolbered to 0.5 mol% without a
significant drop in product yields (Table 2, erdgri@-10). However, when the activity
or the catalyst costs are considered, 0.1 mol ®deloading or lower seems to be the
best. The carbon monoxide pressure could alsodracial factor. It was shown that
too low pressure has a deteriorating effect onytblels below 7 bar (Table 2, entries
7, 14, 15), but the yields were not increased loyeasing the pressure from 7 to 14
bar. Apparently in this range, CO-insertion eitido a Pd-Ph bond (or eventually
into a Pd—OPh bond, Scheme 2) is already fast énoagto be rate determining. By
monitoring the influence of the temperature on thetivity it appears that
temperatures below 100 °C are not advantageouthéoproduction ofda in GVL
(Table 2, entries 8, 11-13).

Table 2. Phenoxycarbonylation reaction of iodobenzema) @nd phenol 4a) in
GvL?

Catalyst loading  pco R Time Yield c
# (molo%) (bar) Base T (°C) h) (%)° TON
1 0.25 7 Et;N 100 3 70 280
2 0.25 7 K,CO;, 100 3 60 240
3 2 14 Et;N 100 4 97 48
4 2 14 K,HPO, 100 4 31 15
5 2 14 Na,CO; 100 4 97 48
6 2 14 K,CO, 100 4 o8 49
7 1 14 KCO; 100 4 97 97
8 0.5 14 KCO; 100 4 92 184
9 0.25 14 KCGO; 100 4 69 276
10 0.1 14 KCGO; 100 4 59 590



11 0.5 7 KCO; 100 4 91 182
12 0.5 35 KCO, 100 4 65 130
13 0.5 1 KCO;, 100 4 39 78
14 1 14 KCOs 90 4 78 78
15 1 14 K,CO;, 80 4 34 34
194 % Reaction conditions: Catalyst precursor: Pd(QA€)5 mmol iodobenzeneld), 0.625
195 mmol phenol 2a), 2.5 equiv. of base, 2.5 mL of GVEGC yield® TON: Turnover Number
196 = mmol product/mmol Pd catalyst.
197
198
B+R'OH =—— BH@+@OF{1
0
/) [Pd"(OAC),], o
RZ—C/ : 4
\OR1 \
I
co>Pd"/
CcO 90R1 .
& PdO(CO)
n A .
oL
Pd
co co” >
. @
co>Pd”\/ R2 / . o
co . OR' B R N
B®XC? K® X? etc
x=1-3 \"’:» ------------ -
n =1-3, m = 0-1, R'= Me, Et, Ph, etc. !
R?=Ar; X=1,Br,Cl CO +R'OH
199 B= Eth, BU3N, KZCO3, etc.
200
201 Scheme 2.Plausible mechanisms for the alkoxy- and arylokyoaylation of aryl halogenides
202 using homogeneous ligand-free Pd-systems basetbpogals for Pd-PRlanalogues.
203
204 Regarding the extensive literature on metal-catlyzarbonylation [2] relatively

205 little is known about the exact mechanism of arytmarbonylation of aryl halides
206 using phosphine-free Pd-catalyst systems in theepee of added bases [42].
207 Generally, two major paths, an alkoxycarbonyl (orlaxycarbonyl) route A) and
208 acyl route B) have been proposed for phosphine modified Pdysasa(Scheme 2)
209 [45]. Generally, the acyl-routeBf was found to be the operative path with the
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alcoholysis, phenolysis of the formed acyl compters rate determing stepé (n
Scheme 2), especially in the absence of added 1j45¢46,47]. It has also been
revealed that route A is strongly retarded under-pgZ€3sure in methanol as
coordinated CO blocks the coordination @Me (from added NaOMe) to form a Pd-
C(O)OMe (Pd-carbalkoxy) group using Pd-phosphirsesys (Scheme 3) [48,49]. It
is not yet known whether this would be also theecasing phosphine-free Pd
catalysts. Hartwig and co-workers have found thahe presence of an added base,
the oxidative addition of aryl iodide (stép in Scheme 2) can be considered as the
rate determining step and it is zero order in kasein most of the Pd-catalyzed
carbonylation reaction due to the presence of etikeanucleophile. [50]. It is also
known that CO insertion into a phosphine-ligatedalgl (step V) or into a
phosphine-ligated Pd—OMe (stdp) bond is frequently undetectably fast similar to
the reaction of an acyl group with an alkoxide poghile [49, 51]. Similar findings
were made for the insertion of CO into ligated Pg-Bonds and somewhat indirectly
into a ligated Pd—OEt bond [47]. In another stutlye reaction of a specific
arylcarbonyl complexp-CHs-CsH4(CO)Pd(PPH)2l with aryl-substituted phenols was
found to be a pseudo first order in rate and therdsrmation from the approriate
Pd-benzoyl complex was proposed as rate determ|aifig However, in this case, a
tertiary amine (BgN) was used instead of a stronger base, possibliting the
formation aryloxy nucleophiles. Thus, perhaps tla¢e rof aryloxy nucleophile
formation was determined in the study instead efghenolysis of a benzoyl-Pg- (
CH3-CgH4(CO)Pd) compound. The importance of the nucleopbitmation, thereby
also its crucial effect on the overall rate was kagized by comparing the much
better rates achieved with NaOEt than withsNEtand EtOH as bases in the
alkoxycarbonylation of substituted aryl iodidesngsa Pd—PPhcatalyst system [52].
However, as mentioned above, the mechanisms obgmaé carbonylations using
phosphine-free Pd-systems have scarcely been dtutdimpared to those of the
traditional Pd-triphenylphosphine systems, probathye to instability of the Pd-
species involved and the difficulties in the adeguanalyses. What well-established
is that Pd(OAc), which can be present in different coordinationde® [53, 54],
undergoes reduction to zevovalent Pd-carbonylsp ($te Scheme 2) at higher
temperatures under CO-pressure in the presenceatdr 53], alcohols [52] or
phenols [55].
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0
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x@ + Oor!

(6] Cco

Scheme 3.CO-pressure and the coordination of CO to Pd dst#inre coordination of alkoxide or an
attack of the alkoxy nucleophile on the carbonguténg in the formation of a phosphine-ligated Pd-
alkyl-alkoxycarbonyl complex, thus turning reactioath fromA to the acyl rout® [49]. The question

is whether is this also the case with phosphine-ftd-complexes.

In order to extend the knowledge about aryloxyd atkoxycarbonation of aryl
iodide using such phosphine-free systems, partiguiae effect of substituents on the
reagents, which could limit or influence the yield$ products, were further
investigated in this study. For the sake of congumariall of these reactions were done
under similar reaction conditions and ratios ugiizb mol% of Pd-loading at 100 °C
for 3 hours of reaction time.

First, the effect of aryl substituents of aryl iddiwas studied on the yield and
rate, by using numerous aryl iodides bearing vargactron donating or withdrawing
functional groups (Table 3). If the reaction iseed zero order for the aryl iodide
concentration, turnover frequencies (TOF) can kel dsr the direct comparison of
reaction rates. However, the TOF values are meblasagvhen calculated from full or
very close to full conversions as it is not knowinew they were reached. Also, in the
absence of strong stabilizing ligands, homogenausvalent Pd-complexes tend to
coagulate to various extents under the appliedooagthtion conditions [53]. For this
reason, only the turnover numbers (TON), (which atrerwise readily be calculated
to TOF values) are given below in the Tables foe ttomparison of catalyst
effectivity. Evaluating the results shown in Tal3, it appears that aryl iodides
bearing aryl-substituents with strongly positiveafonic parameterst) [56] (1g—
1m) on the phenyl ring (typically electron withdrawirgroups in para position)
facilitate the rate of the reaction. Thus, possitiig rate of the crucial oxidative
addition step of R—I (stelp in Scheme 2) is increased by the increased pataoiz of
the C—I bond. To obtain more exact kinetic data, ractions should be repeated by
using significantly lower Pd-loading in multiple nalel experiments. It should be
noted for these experiments that the reactiop-aind m-bromo iodobenzene (and
also that ofp-chloro) leads exclusively to the conversion ofaddnctionality, which
allows the use of bromo-substituted esters in spbm® reaction schemes, for

example, involving cross coupling reactions.

9
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Table 3. Phenoxycarbonylation
compoundsia—-19 and phenolZa) in GVL?

1a-0

2a

Pd

K,COs, CO

10

reaction of

iodoaromatic



Aromatic Yield c

d
# iodides Product (%)° c TON
1 12 () 3a 60 0 240
2 1b H3COI 3b 77 -0.17 308
3 1c Q' 3c 83 007 332
HsC
|
4 1d Q 3d 79 na. 316
CHsy
5 le Moo )1 3e 84 027 336
6 1 e ) 3 39 020 156
7 19 o ) 3g >99  +0.23 >396
8 1h BFQI 3h > 99 +0.23 > 396
9 1i Q' 3i >99  +0.39 >396
Br
10 1 R ) 3 >99  +0.35 >396
11 1k weooo—( -1 3k >99  +0.45 >396
12 1 wooo—( )1 3l >99  +0.50 > 396
13 1m N ) 3m >99  +0.66 > 396
14 1n  d N ' 3n 79 na. 316
o |
15 1o @* 30 >99 n.a. > 396
283 # Reaction conditions: Catalyst precursor: Pd(QA6)25 mol%), 0.5
284 mmol of aryl iodide {a-19, 0.625 mmol of phenokg), 2.5 equiv. of
285 K»CO;, peo = 7 bar, 2.5 mL of GVLT = 100 °Ct = 3 h.” GC yield®
286 Hammett electronic parameter [56],TON: Turnover Number =
287 mmol product/mmol Pd catalyst, n.a.: not applicablaeot available.

288
289 It was also shown in an already quoted study ti&t presence of different
290 substituents of phenols at para position, affedtesl reaction efficiency in the

291 presence of tributylamine [17]. Particularly, botb, and -g, substituents on the

11
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308
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322
323
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327
328
329

330

aromatic ring of phenol significantly enhanced treaction rate compared to
unsubstituted phenol. For this reason, the carladioyl of iodobenzenel§) was
investigated with varioup-substituted phenol28—m) but in the presence of,RO;

as base instead of tributylamine Table 4. As it barseen, there is no unambiguous
tendency in this case neither way between therel@ct parameters (0, negative or
positive 6) of the substituent and the activity. In fact, Hie observed activities
(TOF’s between 70-20% can fall in the range of acceptable experimeetsdrs of
non-stabilized phosphine-free homogeneous Pd-sgstenthis sense many parallel
experiments would be required to get statisticadlifable data for these systems.
Ultimately, the formation of phenoxy nucleophileeispected to be significantly more
facile using the stronger base,&O; than with NByg or NEg for a plausible
explanation, in addition to that the two catalygystems are different. As mentioned
above, NaOEt as base also provided much highes taen EN + EtOH in the
alkoxycarbonylation of aryl-substituted aryl iodsdesing Pd—PRlsystems [52].

Table 4. Phenoxycarbonylation reaction of iodobenzeide) (and

para-substituted phenol2—o) in GVL?
o}

Pd
@I + Ar'-OH _— O-Ar!
K,CO;, CO

1a 2a-l 4a-l

12



# O-nucleophile Product Yield ¢° TON
(%)

1 2a @OH 3a 60 0 240

2 2 OOH 4b 76 -017 304

3 2c Haco@OH 4c 88 -0.27 352

4 2d iPrOOH 4d 50 -0.12 200

5 2e OHC@OH 4e 87 +0.42 348

6 2f PhOOOH 4f 91 —-0.03 364

7 29 FOOH 49 67 +0.06 268

8  2h BrOOH 4h 70 +023 280

9o 2 OO” 4i 86  +0.54 344

10 2j EtOOCOOH 4j 88 +0.45 352

1 o2k ¢ Q on 4K 84  na 336

CHs

12 2l HOOCOOH 4] 0 +0.45 0
331 2 Reaction conditions: Catalyst precursor: Pd(QA0)25 mol%), 0.5
332 mmol iodobenzenelf@), 0.625 mmol of substituted phend@a¢29,
333 2.5 equiv. of KCO;, pco =7 bar, 25 mL GVLT =100 °Ct=3 h'
334 Hammett electronic parameteét,TON: Turnover Number = mmol
335 product/mmol Pd catalyst, n.a.: not applicablearavailable.
336
337

338 In general, an increased concentration and nucileopttack of the corresponding
339 phenoxide anion on the benzoylpalladium compleRegG=0)Pd’| (CO)n], (n=1,2)
340 is very important for a fast ester formation [SPhe effect of increased concentration
341 of anionic nucleophile on the esterification reactwas also demonstrated for Co-
342 catalyzed system, which was optimized for produrctad methyl-3-pentenoate in
343 methanol [57].

344

345

346

347

348 3.2 Alkoxycarbonylation reactions
349

350 The GVL-based -carbonylation protocol was further plesed for the

351 alkoxycarbonylation of aryl iodides with aliphatécohols to form the corresponding

13
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380

esters. The conversion of iodobenzeta (vith CO in the presence of MeOHgq) to

methyl-benzoatet@) was selected as model reaction (Scheme 4).

0]

Pd
base, CO

1a 5a 6a

Scheme 4Methoxycarbonylation of iodobenzenks) in the presence of palladium catalyst

The solvent screening (Table 5) gave similar eiffdéats compared to those obtained
for phenoxycarbonylation ofa in polar, aprotic solvents usingsBt as base. The
formation of the methyl esteBa was only slightly faster than that of the pherstee,
3ain GVL (Table 1 entry 6). Similarly, lowering tl&O pressure from 14 to 7 bar did
not affected the yield da, however, by applying 3.5 bar, the product yieldphed
by ca. 10% (91%).

Table 5. Methoxycarbonylation reaction of
iodobenzenelfg) in different solvents

Yield 6a .
# Solvent b TON
(%)
1 n-octane <5 20
3 N,N-dimethylformamide 52 208
4 dimethyl sufloxide 61 244
5 GVL 79 316

# Reaction conditions: 0.5 mmol of iodobenzeha)(0.625

mmol of methanol%a), 0.25 mol% of Pd(OAg) 2.5 equiv.

of EN, pco = 14 bar, 2.5 mL of GVL] = 100 °Ct =3 h;

RPM = 400 min®; ® GC yield.© TON: Turnover Number =

mmol product/mmol Pd catalyst.
As above with phenol2@), the effect of aryl substituents of aryl iodidesvalso
studied on the yield and rate, by using numeroysi@dides bearing various electron
donating or withdrawing functional groups with MeQidder the standard reaction

conditions (Table 6).

Table 6. Alkoxycarbonylation reaction of iodoaromatic compds
(1a-9 and methanol5g) in GVL*
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382
383
384
385

386
387
388
389
390
391
392
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394
395

0]

- Pd
| + H;C-OH | N O-CHjs
R g base, CO //

S 4
1a-r 5a R 6a-r
# lodoaromatic compounds Base Product Yield’(%) c° TON?
1 la @u Et:N 6a 79 0 316
2 1a @-. K,CO;,  6a > 99 0 >39%
3 1b ch@| Et:N 6b 71 ~017 284
4 1b chO| K,CO;  6b 82 ~0.17 328
|
5 1d Q Et;N 6d 83 n.a. 332
CH3
6 le mco{ )1 EtN 6e 84  -027 336
7 le ch0©—| K,CO;,  6e 86  -027 344
8 11 tsu—©—| EtN 6f 13 -020 52
9 11 tBu—@—l K,CO;  6f 36  -020 144
10  1g CIOI Et;N 69 74 4023 296
11 1g o4 )1 KCO  6g >99  +0.23 >396
12 1p Q’ K, CO;  6p >99  +0.37 >396
Cl
13 1q FOI Ko,COq 6q > 99 +0.23 > 396
14 1 ow@—l Et:N 6r 58 +0.78 232

# Reaction conditions: Catalyst precursor: Pd(QA0)25 mol%), 0.5 mmol of aryliodides
(1a-1j), 0.625 mmol methanob@), 2.5 equiv of base,gg = 7 bar, 2.5 mL of GVLT = 100
°C,t = 3 h.” GC yield,° Hammett electronic parametémmol product/mmol Pd catalyst, .
n.a.: not applicable or not available.

When the yields or TON'’s of the carbonylation ofiatbenzene are compared in the
presence of phenol (Table 3, entry 1) and of meth@rable 6, entry 2), it occurs that
phenol gives significantly lower yield than methhndhis is not unexpected as
phenoxide is much worse nucleophile than methoxigardless that its formation is
about 5 magnitudes more favorable frorpCl; than that of the methoxide in the
equilibria based on known pKa values. It is alsattmohile to compare the results of
the methoxycarbonylation of iodobenzene using tiitylamine (Table 6, entry 1) and
Ko,COs; (Table 6, entry 2) as bases in the reactions. ifloeganic base gives
significantly higher rate than #, parallel with its higher basicity (pKa ~ 12 vs.

15
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409
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414
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417
418
419
420
421
422
423
424
425
426
427
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10.8), i.e. parallel with its higher effectivity in the formah of methoxide
nucleophile. This is again in agreement with threaaly quoted study by Hu et al.
[52]. Regarding the influence of the electronicgmaeters of the aromatic substituents
using KCOs; as base in Table 6, similar conclusions can bemras above in the
analogous phenoxycarbonylation experiments (Tapl&laus, possibly the rate of the
crucial oxidative addition step of R-I (stdp) is increased by the increased
polarization of thepso-C-I bond, as the rate of CO insertion and the ewuhilic
attack on the arylcarbonyl-Pd (stdjpsin Scheme 2) should be very fast under these
conditions. In agreement with this reasoning etectlonating, ¢ substituents retard
the rates compared to the unsubstituted derivatiosvever, when a similar trend is
sought by the use of & as base in Table 6, there is no unambiguous latioes is
found betweers and the rate. Apparently, the presence of MeOHEigld as base
levels off the differences in the oxidative additiaryl iodides indicating that in these
particular systems not the oxidative addition brgbably the nucleophilic attack of
the methoxide (stepV) should be the rate determining step (see alsordbelts
below). Interestingly, the presence p#-butyl groups as aryl substituent is also
disadvantageous in the methoxycarbonylation of iadide in the presence of neither
base, seemingly not for an electronic reason (seelTable 3).

Finally, the effects of the alkyl groups of sevetaler alcohols were
investigated in the alkoxycarbonylation of iodobemez under the standard conditions
(Table 7). Among the used alcohols, methanol wasdoto be the most effective,
which points again to the importance of the striengind concentration of
nucleophiles. Methoxide is the strongest nucle@phiinong the other alkoxides or
aryloxides, which can be formed from alcohols oemdls. Other than the strength of
the nucleophile, its concentration is certainlyoalmportant as discussed above.
Phenoxide is weaker nucleophile than methoxide itsuformation is magnitudes
faster and very favorable from,80; as compared to that of methoxide. Thus,
possibly the high concentration of the phenoxideilifates high yields and also
prevents the nucleophile attack (st&y) to be the rate limiting step in the
phenoxycarbonylations above (Table 3). Although thethoxide formation is not
favorable using KCOs;, and even less by usingsNtas base in the equilibria based on
pKa’s, the formation of higher or branched alkosideeven more suppressed. Beside
the weaker strength of nucleophiles from highepxsilites, their lower concentration
can also contribute to their observed lower effagtiin the alkoxycarbonylations as
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compared to that of MeOH (Table 7). The lower @iffety of the branched
propoxide as sterically hindered nucleophile i®atfs line with this representation.
Thus, in these systems, with the exception of nmethdhe nucleophile attack on the
benzoyl-Pd complex (stdp') is plausibly also involved in rate-limitation.

Table 7 Alkoxycarbonylation reaction of iodobenzeriks)

with lower alcohols§b-59 in GVL*®
0

Pd
@—l + RZOH —— 0-R?
EtsN, CO

1a 5a-e 7b-e
# Alcohol Product  Yield TON°
(%)°
1 5a H;C—OH 6a >99 >396
2 5D CoHg—OH 7b 50 200
3 5c CsH;,—OH 7c 48 192
4 5d C4Hy—OH 7d 46 184
5 5e iCgH,—OH 7e 51 204

# Reaction conditions: Catalyst precursor: Pd(QA().25
mol%), 0.5 mmol of iodobenzen#d), 0.625 mmol of alcohol
(5a-59, 2.5 equiv. of KCOs, pco = 7 bar, 2.5 mL of GVLT =
100 °C,t = 3 h.°mmol product/mmol Pd catalyst.

3. Conclusion

Fossil-based solvents and triethylamine as toxdt \alatile base were successfully
replaced withy-valerolactone as non-volatile solvent angCK; as also non-volatile

base in the alkoxy- and aryloxycarbonylation ofl amgides using phosphine-free Pd
catalysts system. By this, the traditional systemese not simply replaced but also
significantly improved. In fact, the applied Pddiieg could be substantially
decreased as the typically applied relatively |&25 mol% loading proved to be
unnecessary too high in many cases. In the stindyetfects of different reaction
parameters,.e. the use of several other solvents, the temperatinme carbon

monoxide pressure, the base and the catalyst ctvatiens, were evaluated in details
striving for the highest efficiency in the carbastybns. In order to collect some
information on the mechanism of these reactiores effects of electronic parameters
(o) of various aromatic substituents of the aryl dedi as well as the influence of
para-substitution of phenol were investigated am dbtivity. For a comparison, the

aryl-substituted aryl iodides were also reactedhwmethanol and aryl iodide was also
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alkoxycarbonylated using several different loweco@bls. From the observed
correlations between the electronic parameterd@faromatic substituents and the
rates, furthermore excluding the expectedly vergt f&€O-insertion from the
competition, it appears that the rate determinieg & the oxidative addition of Ar—I
to Pd, provided that sufficient amounts of nucleophi® present for the ester
formation. If this is not the case, the rate oflaaphile attack might determine the

overall rate.
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Highlights

A green protocol for Pd-catalyzed aryloxycarbonglataryl iodides were
developed.

A green protocol for Pd-catalyzed alkoxycarbongiatiaryl iodides were
developed.

» Fossil-based solvent was replaced by a biomasgiategl alternative one.
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