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Low-pressure carbonylation of benzyl bromide with palladium
complexes modified with PNS
(PNS= PhhPCH,CH>C(O)NHC(CH;)2CH>SOsLI) or P(OPh.
Structural identification of palladium-catalyst intermediate
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The catalytic activities of two palladium complexes with water soluble phosphine PNS PR PCH,CH,C(O)NHC(CHs)2
CH,S0sLi) (1) and phosphite P(OPR)(11) were tested in the carbonylation of benzyl bromide in methanol at 40€58nd 1 atm of
CO. The first catalyst, (1), was formed situ from PdCh(cod) and PNS, the second one, (Il), was based on the)fRCIPh}), complex.
At the ratio of [NEg]: [PhCH,Br] equal to 2.5 the yields of phenylacetic acid methyl ester were 83—-86% in the carbonylation with PNS
and 100% in the carbonylation with P(OBh)The palladium catalyst with P(OPhproduced under the same conditions 70% of phenyl-
acetic acid methyl ester in the carbonylation of benzyl chloride and 60% of 2-methylphenylacetic acid methyl ester in the carbonylation of
1-bromoethylbenzene. The lower rate of carbonylation of 1-bromoethylbenzyl bromide in comparison to that of benzyl bromide was ex-
plained by the lower rate of the substrate oxidative addition step leading to palladium benzyl complexes. Two palladium benzyl complexes,
cis-PdBr(PhCH)(P(OPh}), andtrans-PdBr(PhCH(Me))(P(OPR). have been isolated and characterized (X-Fa, andH NMR).
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1. Introduction different substrates — benzyl bromide and chloride as well as
iodobenzyl alcohol.
The carbonylation of aryl and benzyl halides catalysed by
palladium complexes is a very promising method of synthe-

sis of carboxylic acids and their derivatives [1-3], 2. Experimental
X PdCb(cod) [7], PACL(P(OPh})2 [8], Pd(P(OPh)4 [8],
©/\ +CO + H,0 (ROH) and PNS [9] were obtained according to the literature meth-
ods.
[Pd] y OH (OR) The solvents (methanol, toluene) and piere purified
base o] using standard procedures [10].

In this paper we demonstrate the high catalytic activity iﬁ'l' Preparation of cis-PdBr(C#Ph)(P(OPh}); [8]
carbonylation'under mild conditigps (1 gtm C_:O, 40=60) To a solution of 0.06 g of Pd[P(OP})) in benzene
of .two palladium systems modified with different phos(2 cm?) was added PhCHBr (0.1 cr) under dinitrogen and
phines — the water soluble PNS (PN&PhPCHCH2C(O) e solution was stirred for 30 min. The solution volume
NHC(CH,)2CHSGsLi) and the hydrophobic P(OP) was reduced under vacuum ¢a. 1 cr?, 1 cn? of EtOH
The palladium catalyst with the water soluble phosphing,q added, and the solution was left for crystallization in a

PNS was previously tested by us in the carbonylation ffrigerator. Yield 70%. A crystal suitable for X-ray exami-
benzyl bromide under 10 atm of CO and at 50-1GQ4].  ation was taken directly from the solution.

The results obtained, especially by mechanistic studies, war-14 NVR (CDCly, T = 297 K) § 4.50, 4.67 (d, d, 2H,
ranted the prediction that it would show a high degree @Hz); 31p NMR (CDCh, T = 297 K) § 105.0, 113.5 (d, d,
activity also at milder conditions. The palladium catalyst; (p_p) 139 Hz); UV-vis (CHGJ) 290, 356; anal. calcd. for
with P(OPhy was successfully applied in the carbonylatiog,;H,,P,04BrPd: C 57.51, H 4.15; found: C 57.40, H 4.00.
of benzyl alcohols in supercritical GJ5]. Our preliminary
studies demonstrated its activity also in methanol, at 1 agm_ preparation of PdBr(CEPh)(P(O-0-MeGHa)3)2
of CO [6].

The aim of the studies presented in this paper was to testThis complex was obtained as described above with 60%
the catalytic activity of both systems in the carbonylation ofield.
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were included from geometry of molecules ang maps
and were refined with isotropic thermal parameters.

3. Resultsand discussion

3.1. Carbonylation of benzyl bromide with catalyst
PdCh(cod)/PNS (1)

The results of carbonylation of benzyl bromide with a
palladium catalyst modified by PNS are presented in table 1.

OMe
@/\Br +CO + MeOH M@/\Iol/
NEt,

[Pd] = PdCl ,{cod)

It can be concluded from these data that two parame-
ters have considerable influence on the yield of phenyl-
acetic acid methyl ester: the concentration of the amine
(NEt3) and the concentration of the phosphine (PNS). At
the [NEg] : [PhCH,;Br] molar ratio equal to 1.7, a yield of
ca.30% was achieved in 2 h which did not increase when
reaction time was extended. Further experiments were per-

31p NMR (CDCh, T = 297 K) 103.6 (broad): (CDG| formed with a slightly higher concentration of palladium and
T =253 K) § 104.'8 s: 103.85, 109.9 (d (;QJ(P_P) benzyl bromide (with the same ratio of [PheBt]: [Pd]
141 Hz): UV-vis (CI-,|Cj;’) 504 366- anal  caled. for @ before) at 56C. Some increase in the yield was noted,

CaoHagP>0gBIPd: C 59.92, H 5.03: found C 59.6, H 4.97. but mu_ch better_ results were obtained when a highe_r con-
centration of triethylamine was used. At the ratio of
[NEt3] : [PhCH.Br] equal to 2.5 the yield of the ester already
at 40°C was 61-83%, depending on the excess of PNS. At
a two-fold excess of PNS over palladium 61% of the ester

The carbonylation reaction was carried out in a 50 meas obtained, and the yield increased to 78-83% when the

thermostated glass reactor. Appropriate volumes of the I:Q-SNS] - [Pd] ratio was 4 and 6, respectively. These carbony-

uids (solvent and triethylamine) were introduced into the re- . ; . .
. . ation yields remained practically unchanged when the tem-
actor in an N atmosphere. The palladium complex and thg .
%rature was increased to 50.

phosphite were weighed in small Teflon vessels and plac% At the optimal concentrations of the reagents ([Et

in the reactor. The atmosphere was changed to CO and 5P|CHQBr] 2.5: [PNS]: [Pd] 4) two experiments were per-
appropriate volume of aryl halide was introduced. Afte& S ) L o
the reaction, the reactor was cooled down, and HCI (SSﬁmed in water and water/toluene, giving 76 and 68% of

. . nyl i id, r ively.
was added until pH reachezh. 7. Organic products WereéJ enylacetic acid, respectively

extracted with diethyl ether and analysed by the GC-MS Table 1
y y y The yields of phenylacetic acid methyl ester obtained in the carbonylation

Figure 1. Molecular structure afs-PdBr(CHPh)(P(OPHhj),.

2.3. Carbonylation reaction

method. of benzyl bromide in methanol with the PgQtod)/PNS catalytic system
at 1 atm of CO.
2.4. X-ray [PNSJ[Pd] Time Yield of PhCHCOOMe (%)
) ) ] (h) at reaction conditions
Crystal data are presented in table 5, together with refine- [NEt)/[PhCHpBr| 1.7 [NEt)/[PhCHyBI] 2.5°
ment details. All measurements of crystal were performed 2 40°C b 50°C 40°C 50°C
on a Kuma KM4CCDk-axis diffractometer with graphite- ' :
monochromated Mo K radiation. The crystal was posi- 2 2 25 44 61 63
tioned at 65 mm from the KM4CCD camera. 612 frames g g ‘511
were measured at 0.753ntervals with a counting time of ) 20 50 8 78
20 s. The data were corrected for Lorentz and polarization 4 32 70
effects. No absorption correction was applied. Data reduc- 5 34 70
tion and analysis were carried out with the Kuma Diffrac- 6 2 32 32 83 86
tion (Wroctaw) programs. The structure was solved by di- g gg 23

rect methods (program SHELXS97 [11]) and refined by the
full-matrix least-squares method on &2 data using the ajpq) 5« 10-3 M, [PhCH,B] 0.93 M; solvent methanol 1.5 én
SHELXL97 [12] programs. Non-hydrogen atoms were réx[pd] 7 x 10~3 M, [PhCH,Br] 1.39 M; solvent methanol 1.5 cin
fined with anisotropic thermal parameters; hydrogen atorfi€d] 7 x 10-3 M, [PhCH,Br] 1.19 M; solvent methanol 1.5 ctn
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Table 2 Table 3
The yields of phenylacetic acid methyl ester obtained in the carbonylation The yields of phenylacetic acid methyl ester obtained
of benzyl bromide in methanol with Pd&fP(OPh})» at 40°C and 1 atm in the carbonylation of benzyl chloride in methanol
of CO2 with PdCh(P(OPh}), at 40°C and 1 atm of CG.
Time  PdCh(P(OPhy)2  PdCh(P(OPhy);  PdCh(P(OPh}); Time PdCh(P(OPh})> PdCh(P(OPh})»
(min) + 2P(OPh} + 4P(OPh} (min) + 2P(OPh}
15 92 75 n.nP 15 9 n.mb
30 98 96 n.m. 30 31 14
60 100 100 62 60 49 27
) " 120 49 41
2Reaction conditions: [Pd] X 1073 M, [PhCH,;Br] 1.19 M, [NEt3] 3.0 M. 180 nm 43
bn.m. - not measured. 240 n.m 62
. . . 480 n.m 71
3.2. Carbonylation of benzyl bromide with catalyst
PdChL(P(OPh))2 (1) aReaction conditions: [Pd] % 10~3 M, [PhCH,ClI]
1.19 M, [NEg] 3.0 M.
Under the applied reaction conditions (1 atm CO? @D, bn.m. — not measured.

with PdCb(P(OPh}), as the catalyst, a yield of 92%

of phenylacetic acid methyl ester was obtained after judt3- Carbonylation of benzyl chloride with catalyst
15 min, and after 30 min practically total conversion of the PAdCk(P(OPh)2 (II)

substrate to ester was achieved.

OMe
©/\Br +CO + MeOH @ACI +CO + MeOH PdCleé::’;OPh)s)z ('5

PdCIo(P(OPh)3) » o , OMe . OMe The carbonylation of benzyl chloride proceeded at a lower

NEts 0 rate than that of benzyl bromide and stopped at an ester
62-100% 0-22% yield of ca. 50% when PdGKP(OPh}), was used as cata-

lyst, probably because of palladium reduction. The addition

During the reaction, however, some amount of metallic pajf excess P(OPB)caused a decrease in the reaction rate, but
ladium was also formed. To prevent palladium reductiogtapilized the active catalyst and after 8 h the yield increased

an excess of P(OPgivas added to the system. As aresultg 719%. The selectivity of ester formation is higher than
the carbonylation reaction slightly slowed down, but afteghen benzyl bromide was used as a substrate. This is be-

1 h the ester was obtained with a yield of 100% withoWayse the ether is not formed under the reaction conditions
visible palladium reduction. Experiments performed at difpp|ied.

ferent concentrations of P(ORHEd to the conclusion that

ca.2 mole of P(OPH) per mole of PAGI(P(OPh})2 is an 3 4. carbonylation of 1-bromoethylbenzene (I1)

optimal amount for the highest yield of the ester. When

a larger excess of P(OPhjvas used, selectivity dropped The carbonylation of 1-bromoethylbenzene with PdCl

down, and only 62% of the ester was produced togeth@f(OPh}), as the catalyst is less selective compared with
with 22% of benzyl methyl ether. A dramatic lowering ofhat of benzyl bromide.

selectivity was noted in a reaction carried out without stir-

ring, which gave only 28% of the ester and almost the same OMe
amount of benzyl methyl ether (31%).
Some experiments were performed with the catalyst y

formedin situ, from PdCh(cod) and P(OPh) Quite sat-
isfactory results were obtained — 84 and 87% of the este Br _PdCIy(P(OPh)g); ] OMe + N
the [P(OPHhy] : [Pd] ratio equal to 2 and 4, respectively. CO. MeOH. NEt, o

It should be pointed out that during the reaction in meth-
anol, P(OPh) can undergo transesterification to P(Olle) Besides the ether, which is formed in the non-catalytic
We did not investigate the extent to which this reactioprocess from the substrate and methanol, some amounts
takes place in the catalytic system, but we isolated palladizD—25%) of styrene were found in the reaction products.
complexes €.g, [PdBr(CH:Ph)(P(OPhg)]2 with P(OPh} The formation of styrene can be explainedgglimination
ligands from the methanol solution containing benzyl braf a proton from the intermediate palladium-benzyl com-
mide and NEj [13]. Similarly, PACh(P(OPh}), was ob- plex, a process that competes with CO insertion into the Pd—
tained from PdCl(cod) and P(OPh)in methanol with a C bond.
yield of 85%. However, when the solution of P(OPRIi) The carbonylation performed with Pd@P(OPh})o,
methanol was left for 60 min before Pd@tod) addition, without free P(OPh) added, gave 27% of the ester in
PdCh(P(OMe)), was isolated as the main product (60930 min, but because of palladium metal formation the reac-
yield). tion stopped. With the addition of P(ORhjhe reaction led
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Table 4
The product’ of the carbonylation of 1-bromoethylbenzene in methanol
with PdCb(P(OPh}), at 40°C and 1 atm of CO.

Table 5
Selected bond lengths (A) and angle}s (
in cis-PdBr(CHPh)(P(OPh)2.

[P(OPhYJ/[Pd] Time EsteP Styrene Ethér Pd(1)-C(1) 2135(3)
(h) Pd(1)-P(2) 21319)
0 1 %6 10 17 Pd(1)-P(1) 25059)
1 1 a7 25 8 Pd(1)-Br(1) 249428)
2 1 47 21 9 C(1)-C(2) 1498(4)
g 3 2‘5‘ ;(1) 18 C(1)-Pd(1)-P(2) 893(9)
45 3 23 18 10 C(1)-Pd(1)-P(1) 1681(9)
: P(2)-Pd(1)-P(2) 1010(3)
@Besides of products given in the table an unreacted substrate was found C(1)-Pd(1)-Br(2) 899(9)
in the post-reaction mixture. Reaction conditions: [Pdk 20~3 M, P(2)-Pd(1)-Br(1) 1683(2)
[PhCH,Br] 1.2 M, [NEt3] 3.0 M, methanol 1.5 ch P(1)-Pd(1)-Br(1) 838(3)
P PhCH(Me)CO(O)Me. C(2)-C(1)-Pd(2) 1081(19)
CPhCH(Me)OMe.

to a higher yield of the ester, up to 70% at a two-fold excess
of P(OPh} over PdC}(P(OPh3})>. At higher concentrations

Table 6
Crystal data and structure refinement.

of P(OPhj} the reaction was slower, and only 23—27% of thEmpirical formula G3H3706P,BrPd
ester was formed in 3 h. Formula weight 897.98
For comparison, 2-bromoethylbenzene (PhCH,Br) Temperature (K) 100(2)
was used as a substrate for carbonylation under the sa‘@f‘?‘é‘f'?”gtr; A) OM7107:|)" ,
conditions with PAG(P(OPh})2 and a two-fold excess of rystal system onociinic
Slpace group R2n
P(OPh}. However, only traces (less than 1%) of the este A) 12.411(2)
were found in the reaction products. b (A) 22.924(5)
c(A) 14.193(3)
3.5. Carbonylation of iodobenzyl alcohol (1) and (11) B () 103.67(3)
Volume (A%) 3923.7(13)
The carbonylation of iodobenzyl alcohol in methanof . 4
yields selectively only one product, benzylfuranone, formees (mgm™=) . 1.520
by intramolecular cyclization, Absorption coefficient (mm-) 1.620
F(000) 1816
0 Crystal size (mm) (20 x 0.10x 0.10
L, co _[PAUPNSor [PaPOPh), N Diffractometer Kuma KM4CCD
OH NEt; , MeOH 0 6 range for data collectiorf) 3.38-28.82
Index ranges —16>h >15,-31> k > 30,
Both systems produced comparable amounts of carbonyla- —18>1215
. . Reflections collected 26763
tion reaction product, up to 30% at 1 atm of CO and@0 fecti _
At 5 atm of CO the yield was slightly higher — up to 50% Independent reflections 941Rik = 0.0312)
y ghtly ig p * Data/parameters 9412/626
Goodness-of-fit§2) 1.106
3.6. Structural determination of palladium-catalyst Final R1/wR> indices ( > 20 1) 0.0403/0.1074
intermediates. X-ray structure of Largest diff. peak/hole (e A3) 1.041/-1.542

cis-PdBr(CHPh)(P(OPh});

According to the well accepted mechanism of carbonyl#d t0 a strongransinfluence. The shorter Pd—P bomans

tion of aryl halides [14,15], in the first step of this reactiof® Br is 2.2131(9) A,
the substrate undergoes oxidative addition to a palladium(0)

2.3505(9)

complex. For model studies we selected the Pd(P(®Fh) Br-_ B‘/P(Oph)a

cqmplex, obtained by the reductlon_ of Pd(E(OPhi)_g PhCHz/ }P(oph)3

with NaBH;. Pd(P(OPhg)s4 reacts with benzyl bromide 221319)

forming a benzyl complexis-PdBr(CHPh)(P(OPHh)2 in a

few minutes 3P NMR spectra of the isolated species as weBimilar benzyl complexes with triphenylphosphine

as spectra measuréul situ represented two doublets conPdX(CHPh)(PPR)2 (X = ClI, Br, 1) were characterized only
firming thecis position of both the P(OPh)igands. X-ray in solution agransisomers [16,17], which can be explained
studies proved the same structure also in solid form. The twg the bulkiness of the PRHigand © 14%) [18] com-
Pd—P bonds are non-equivalent with the Pd—P boartsto  pared with P(OPhR)(® 128) [18]. In fact, when Pd(P(®-
the benzyl ligand being markedly longer, 2.3505(9) A, poinMeCgHa4)3)4 (© 141°) reacted with benzyl bromide, a mix-
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ture of cis and trans isomers of Pd(CbPh)(Br)[P(Oe- References

MeCsHa4)3]> was obtained, and thé!P NMR spectrum
showed a singlet at 104.8 ppm derived from trensiso- |3
mer and two double doublets (at 103.9 and 109.9 ppm) with
the coupling constant (P—P) 141 Hz characteristic for the
cisisomer. 2]
The oxidative addition of 1-bromoethylbenzene to[3]
Pd(P(OPHh)4 was slower than that of benzyl bromide, and[4]
31P NMR spectra measurdd situ 30 min after mixing [5]
the reagents did not show any new product. However, the
complextrans-PdBr(PhCH(Me))(P(OPh), was identified [6]
in solution next day. The structure of the complex was con.,
firmed by the presence of a singleft NMR (at 94.3 ppm) {8}
as well as a multiplet at 4.15 ppm ¥+ NMR assigned to 9]
a CH proton. The steric hindrance of the Me group of theo]
ethylbenzene ligand (PhCH(Me)) influenced the rate of the
oxidative addition of PhCH(Me)Br to the Pd(0) complex attl
well as thetrans geometry of the product. Both facts de-
termined the total yield of the carbonylation reaction, whic
was lower than in the case of benzyl bromide. [13]
[14]
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