
FULL PAPER 

Structure and Reactivity of Sodium Phenoxide - Following the Course of the 
Kolbe-Schmitt Reaction 
Michael Kunerta, Eckhard Dinjus" Maria Nauck', and Joachim Sieler" 

Projektgruppe C02-Chemie an dcr Friedrich-Schiller Universitat Jena", 
Lessingstrape 12, D-07743 Jena, Germany 
Fax: (internat.) +49 (0)3641/635360 
E-mail: mk@co2.chemie,uni-jena.de 

Institut fur Anorganische Chemie der Universitat Leipzigb. 
Limestrape 3. D-04103 Leipzig, Germany 
Fax: (internat.) 149  (0)341/9736249 

Received March 21, 1997 

Keywords: Kolbe-Schmitt reaction / Solid-state structures / Sodium phenoxide / Solvent complexes 

Solvent-free sodium phenoxide (NaOPh) crystallises ds a po- 
lymer and forms a polymeric chain in the [0 0 l] direction. 
The low coordination of the sodium atoms, as evident in the 
crystal structure, is confirmed by the easy coordination of 
oxoligands (n-donors). Hence, the four-membered ring chain 
of the solvent-free sodium phenoxide is separated by oxoli- 
gands, and forms partial structures as the polymer fragments. 
Thus, NaOPh crystallises in THF with the formation of an 
Na606 core, consisting of two face-fused heterocubes, and in 

N,N,N',N'-tetramethyl urea (TMU) with the formation of a 
Na404 heterocubane. The solvent-free NaOPh-C02 com- 
plex obtained from the addition of COz to a solution of so- 
dium phenoxide is, when exposed to a temperature of 80 "C, 
subject to an irreversible phase transition, as demonstrated 
by FT-IR and DTA studies. The complex formed at 80 "C is, 
apparently, another intermediate oi the Kolbe-Schmitt reac- 
tion. 

In 1x85, Schmitt succeeded in carrying out the car- 
boxylation of sodium phenoxide to salicylic acid, which had 
previously been shown by Kolbe in 1860, in high yield 
(Scheme 1)[11[2J. The Kolbe-Schmitt reaction has been used 
on an industrial scale since 1874"l. 

A sodium phenoxide-C02 complex is discussed as a po- 
tential intermediate. It is formed after many hours or con- 
tac.t of sodium phenoxide with C 0 2  at room temp., and was 
studied by means of FT-IRr41. The complex is assumed, on 
heating to 150 "C under a pressure of 5 bar, to react to give 
the monosodium salt of salicylic acid. Schmitt suggests 
that, in an additional side reaction, uncomplexed sodium 
phenoxide reacts with the already formed monosodium sal- 
icylate to give disodium salicylate and phenol (Scheme 2)L2l, 
which leads to a reduction in the yield of salicylate. It fol- 
lows that the precondition for a high yield of monosodium 
salicylate is a quantitative formation of the intermediate 
complex of NaOPh with C02. 

The X-ray crystal structure of 4-methyl-substituted so- 
dium phenoxide has been described previously[']. However, 
the crystal structure of unsubstituted NaOPh, and reliable 
findings on the thermal stability of the intermediates, have 
not yet been reported. In this paper. we present the crystal 
structures of both sodium phenoxide and several of its com- 
plexes with oxoligands. Additionally, we report on the com- 

[*I New address: FZ Karlsruhe GmbH, Institut fur Technische 
Chemie, D-76021 Karlsruhe. Postfach 3640, Fax: (internat.) 
+49(0)7247/822244. 

Schenie 1. Reaction of NaOPh with COz to sodium salicylate 

ONa ONa 

Scheme 2. Side reaction of the Kolbe-Schmitt reaction 

OH ONa OH 

plexation of NaOPh by C 0 2 ,  and the thermal behaviour of 
the complex as shown by means of FT-IR and DTA. The 
aim was to provide a better insight into the course of the 
Kobe-Schmitt reaction. 

Results and Discussion 

The crystal structure of sodium phenoxide, an essential pre- 
requisite for the interpretation of the Kolbe-Schmitt reac- 
t i~nL~l[~I ,  is now available. Crystals of solvent-free NaOPh 
were cultivated using Bridgmann-Stockbagger apparatusr71. 
The crystal structure exhibits polymeric chains resulting 
from the stacking of the Na202 four membered ring chains 
which propagate along the [0 0 11 direction (Figure 1 and 
2)cs1. The four-membered rings are the central unit of the 
sodium phenoxide structure. The two Na-0 distances in 
the four-membered rings are 2.334(6) A and 2.328(6) A. 
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The sodium atoms Nalb and Nald couple the upper four- 
membered ring with two bonds in the positive z-direction, 
while the atoms Oli  and Olf couple the lower four-mem- 
bered ring in the opposite direction [distance 2.264( 1) A]. 
This alternating coupled binding results in a compression 
of lhe four-niembered rings to a dome-like structure. On 
the other hand, the distances Nal f-01 e are clongatcd t o  
3.614(7) A due to the compression of the four-membered 
rings. The coordination number of four of the sodium 
atoms is achieved by the interaclion with a qh-arene ring 
from the next NazOz unit. The shortest Na--C distanccs 
are 2.81(1) A (Nalf-Cle, $so) and 2.79(1) A (Nalf-C2e. 
ortho). The Na-C(y6-arene) average distance of 3.05(8) A 
is similar to the average Na-C(q6-arene) distances of 
2.94( 1 1) A in sodium 4-1netliylphenoxide[~l[~l. This can bc 
regarded as an interaction with the olefinic n-system as de- 
fined by Schade and Schleyer (2.72 A ) [ ' O ] .  The interaction 
with the bulky phenyl groups leads to a remarkable low- 
coordinated sodium ion. 

Figure 1. Crystal structure of NaOPhr"] 

L.1 Selectzd distances [A] and angles ["I: Nalf-Olf 2.2636(8), 
Nalf-Olc 2.328ihl Nalf-Ola 2.334161. Nalf-Ole 3.614(6). 
Nal t -Cle  2.81(1). NalfFC2e 2.79(1j, Nalf-C3e 3.02(1), 
Nalf-C4e 3.37(11. Nalf-CSe 3.30il). Nalf-C6e 3 13(1). Nalf-  
Nali 3.24(1), Nalf-Nalb 3.651(5), Ole-Cle 1.33(1), Clc-C2e 
l.41(1), Cle-C6e 1.42(1), Nalf-Olc -Nali 105 3(3) ,  Olf- 
Nalf-Olc 103 8(3), Olf-Nalf-Ola 103.4(3). Olc-Nalf- 
0 I d  84.6(4). 0 1  f- Nalf-  C1 e 160.5(4), Olc-Nal P-CI e 90.3(2), 
0 1 a- Nal  f- C 1 e 9 1 .33) .  

The NazO2 polymeric chains undergo fragmentation if 
subjected to oxoligands in the form of aprotic polar sol- 
vents. This results in hexameric and tetrameric aggregates 
under coordinative saturation of the sodium ion?, and thus 
it was possible t o  generate a hexameric aggregation, with 
the formation of an Na606 hetero-face-fused double cu- 
bane, on crystallisation of NaOPh fi-om THF (Figure 3)181. 
The coordinative saturation of the sodium cations results 
from three or four oxygen atonis of the pheiioxide ions and 
one oxygen atom of the solvent. 

Figurc 2. Thc three-dimensional structure of NaOPh looking down 
the crystallographic c axis 

>. i i 

Figure 3. Crystal structure of NaOPh . THF'"] 

LnJ Selected distances [A] and angle5 ["I. Nal-Na2 3.310(2), 
Na2-Na3 3.263, N a l - 0 3  2.401(2). Nal -02  2.231(3). Na l -01  
2.256(?). Nal-04a 2.278(2), Na2-02 2.365(2), Na2-03a 
2.405(2). Na2-03 2.376(2), Na2-Ola 2.363(2), Na2-06 
2.318(3), 03a-Na2-03 SY.45(8), 03-Na2-06 124.86(9), 
06-Na2-03a 145 68(9), O2-Na2-0la 176 40(9). 01 -Na1-03 
91.23(8). 02 -Na l -01  93.44(9), 04a-Nal-03 123.6919), N a l -  
Na2-Na3 92.78(5). 

Using ~ : ~ l ~ , N ' - t e t r a m e l h y ~  urea (TMU), a highly polar 
hgaiid with a high steric demand as a solvenl, i t  was pos- 
sible to obtain a syctem with even lower aggregation. 
NaOPh'TMU (1:l) crystallises to give a Na404 hetcrocu- 
bane (Figure 4)[*]. The sodium cations are coordinated in a 
distorted tetrahedral fashion by three phenoxide oxygen 
atoms and onc oxygcn atom rrom one TMU molecule. 

X-ray structures of this type have been described be- 
fore["]. Whereas the Na404 heterocube constitutes a r1-e- 
queiitly observed structural motif in phenoxide solvent 
complexes["]. there is only one example of a hexameric 
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Figure 4. Crystal structure of NaOPh . TMU["l 

i *\- 
La] Selected diqtances [4] and angles ["I Nal-Na2 3.216(2), N a l -  
Na2a 3.251(5). N a l - 0 1  2.290(4), N a l - 0 2  2.182(3). Na l -02a  
2 310(4j. Nal -03  2.217(3), Na2- 0 1  2 277(4), Na2-Ola 
2 315(4). Na2-042  197(4). 03-Na1-01 137 8(2). 01 -Na l -02  
89.6(1), 03-Nnl-02a 123.2(1), 01-Nal-Na2 45.1(1 j, 
C1-Nal-01 126 5(1) 

double cube NahOh[13], and two examples of the dimeric 
units Na202"41. In all structurally characterised NaOPh 
solvent complexes, the coordination of the oxygen of the 
ligand leads to the brcak-up ol' the four-membered ring 
chain of NaOPh. Depending on the polarity and the steric 
demand of the ligand, different partial structures of the 
polymer are formed. 

In our opinion, the coordination of the oxoligand C 0 2  
during the course of the Kolbe-Schniitt reaction leads to 
the interaction with the potentially free coordinatioii sites 
at the sodium atoms. The four-membered ring chain of 
NaOPh is destroyed. The reaction at 25 "C leads to a molar 
ratio of NaOPh/C02 = 1 : 1 r21r61. 

We obtained such a solvent-free NaOPh-C02 complex 
by exposing a sodium phenoxidc solution to CO2. The yield 
is particularly high in THF or dioxane, and in TMU at low 
temperature. The originally coordinated solvent is displaced 
and replaced by COz and the unsolvated complex 
NaOPh-C02 precipitates as a white amorpheous solid. 
The molar ratio of 1 : 1 was cstablislied using gas volumetric 
analysis. Contrary to the solid state reaction, which lasts 
several hours, the uptake of an equimolar amount of C 0 2  
and the subsequent precipitation of the complex at room 
temp. is completed after a few minutes. 

There has been controversial discussion coiicerning the 
thermal stability of the complex NaOPh-C02 in previous 
investigations into the mechanism of the Kolbe-Schmitt re- 
action. Tijmstra assunics that dccarboxylation occurs as 
soon as the temperature exceeds 80 O C [ l s ]  and that, on in- 
creasing the tcniperature, a direct carboxylation of the 
phenyl ring takes place; the high selectivity of carboxylation 
in the ortho position is not explained. On the other hand, 

Davies discusses the formation of an intermediate at 80 "C 
based on vapour pressure diagrams and supports the idea 
o€ a subsequent rearrangement reaction of the complex to 
sodium sali~yIate['~]]. 

We carried out FT-IR studies on the thermal behaviour 
of the NaOPh-C02 complex obtained Gom THE The 
complex was suspended in C02-saturated nujol and heated 
stepwise to 80 "C by iiieans of a thermocontrollcd KBr  cu- 
vette (Figure 5). At 55 "C, formation of a shoulder at the 
asymmetric stretching vibration, C(C0,)asym = I685 cm-'. 
was visiblc. A slight shift of C(C02)asym, and the siniul- 
taneous splitting of the vibration into the bands at 1680 
cn1-I and 1651 cm-'. occured after further heating to 75°C. 
The splitting is thermally irreversible. Figure 5 also shows 
the FT-IR spectrum of a powdery NaOPh-COz complex 
after a 3 h thermal treatment at 80 "C under a CO? atmos- 
phere, which was obtained in a further expcriincnl. The 
clearly visible splitting of the bands reveals a phase tran- 
sition of the complex and shows that a further intermediate 
of thc Kolbc-Schmitt reaction is formed. 

Figure 5 .  F'l.-ll< qtudy of the NaOPh-CO, complex 017 temperature 
increase 

-- 7 

1 I 1  , I  I ,  

1760 1720 16x0 1640 1600 1560 
cm ' 

The results of the 1R investigations are supported by the 
observation of thermal effects by means of DTA measure- 
ments. Starting from the solvent-frcc NaOPh-C02 coni- 
plex, the complete reaction to sodium salicylate and the 
succcssivc formation of disodium salicylate was followed by 
means of DTA (Figure 6). 

The endothermic process occurring at 95 "C is in good 
accordance with the splitting of the C(C0,)asyni vibration 
band observed in this tcinpcrature range in the FT-IR spec- 
trum. As could be shown with HPLC, the carboxylation of 
sodium phenoxide had not yet taken place. The formation 
of sodium salicylate is only observed after a further rise in 
temperature (130- 140 "C) and correlates with the exother- 
mic process observcd at 138 "C in the DTA spectrum. The 
reaction enthalpy for the Kolbe-Schmitt reaction has been 
reported to be -90 kJ/niol[3]. 
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Figure 6. DTA study of the NaOPh-C02 complex 
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The shoulder in the DTA spectrum at 150 "C is most 
likely due to the competitive side reaction of the already 
formed sodium salicylate with uncomplexed sodium phen- 
oxide according to Schcme 2"l. 

In order to obtain a better quantitative understanding of 
the NaOPh-C02 system, further DSC and HPLC studies 
are in progress. 

Conclusions 

On the basis of the solvent-free NaOPh-C02 complex, it 
was possible to follow the carboxylation of NaOPh com- 
pletely. The decomplexation of NaOPh during a tempera- 
ture rise followed by direct carboxylation, as discussed by 
Tijmstra[l3], can be excluded as the reaction pathway of the 
Kolbe-Schmitt reaction. Comparative investigations of the 
thermal behaviour of KOPh under COz pressure should 
provide fundamental information on the selectivity of ring 
carboxylation. 

Based on the crystal structure of NaOPh, the polymeric 
chain fragmentation was demonstrated in the crystal 
structures of the complexes (NaOPh)6(THF)8 and 
(NaOP1i)4(TMU),. The reaction of NaOPh with C02 could 
be performed in both the solid state and solution. During 
uptake of C02 the originally coordinated solvent is dis- 
placed. It is replaced by CO2 and a solvent-free complex is 
formed. Thus, although we could show the structural varia- 
tion of NaOPh on complexation by oxoligands, the struc- 
ture of the NaOPh-C02 complex is still under intense scru- 
tiny. 

This investigation was supported by the Max-Planck-Gesell- 
scfiaft. The help of Dr. H. Giirls, DI: W Ludwig, and I? Wiugelubun 
is gratefully acknowlcdgcd. 

Experimental Section 
The synthesis of sodium phenoxidc was carried out under an 

argon atmosphere as previously describcd[171. The procedure was 
modified by carefully adding pieces of 2.6 g (1 13 mmol) of sodium 
to a solution of 10.0 g (106 mmol, sublimatcd before use) of phenol 
in 200 ml of dioxane. The solution was refluxed for 4 h. After 
cooling to room temp., the excess sodium was separated over a D4 
sintered glass. The filtrate was concentrated in vawo and thc prod- 

uct precipitated after addition of 100 ml of petroleum cther. The 
white residue was filtered off, washed with petroleum ether (2 X 

50 ml) and dried in vacuo. - Yield: 11.3 g (92%). - h4.p. 380 "C. 
- IR (KBr): V = 1578 cm-'. 1480 (C=C), 1166, 768, 700 (C-H). 
- 'H NMR ([DSlTHFi): 6 = 6.19 (t,t, 1 H, CH,  ~ U T U ) ,  6.42 (d,d, 2 
H, CH, ortho), 6.87 (d,d, 2 H, C H ,  mutu). - I3C NMR ([DslTHF, 
25 "C): 6 = 170.5 ( G O .  ipso), 112.4 (CH, para),  119.5 (CH, or- 
tho), 129.7 (CH, meta). 

Crystallisation of Sodium Phenoxide for  X-Ra,v Analysis: The 
powder was filled into a quartz capillary under an argon atmos- 
phere and sealed. The capillary was introduced into the drilled hole 
of a heatable copper block, heated to 380 "C and then slowly pulled 
out within 24 h (according to the procedure of Bridgman and 
Stockbagg~r)[~]. Colourlcss crystals; C,II,NaO. crystal structure 
analysis: 0.35 0.08 X 0.08 mm, arthorhombic. Iha2, a = 
10.375(2), b = 19.404(9), c = 5.698(4) 4, ~1 = p = y = 90", V =  
1147.1(7) A3. T = -90 (I)  "C, !Icalcd = 1.34 Mgm-3, 2 O,,,ax. = 

40.0". 534 independent reflections, 249 [1>2cr(l)] reflections ob- 
served. 72 parameters, R [I>20(1)] = 0,050. WK = 0.082. largest 
diK peak and hole: 0.044 and -0.010 eA-3. 

Cr~~stallisation of Sodiztni Phenoxide- Solvent Cornplexes: A hot 
saturated solution of NaOPh in the respective aprotic polar solvent 
was allowed to cool to room temp. and then filtered to separate it 
from crystallites. Colourless crystals suitable for X-ray structure 
determination were grown in the filtrate after a few days. 

X 

(NaOPlz),( THFJ8: Colourless crystals (decomposition at room 
temp. on filtration from excess solvent); (ChHSNa0)6. (C4HZO)x, 
crystal structure analysis: 0.4 X 0.38 X 0.36-mm, triclinic, P i ,  
a = 11.820(4), b = 11.978(3), c = 13.612(5) -A, a = 107.49(3)", 
p = 99.38(3)", y = 102.45(2)", I/ = 1740(1) A3, T = -90 (l)"C, 
Dcaicd. = 1.21 g cm '. 2 Om,,. = 45.0", 5932 independent rellec- 
lions, 5800 [ I  > 20(1)] reflections observed, 397 parameters, R 
[I>20(1)] = 0;069, wR = 0.183, largest diff. peak and hole: 0.417 
and -0.046 eA-'. 

(Nu  0 Ph), {lz: A< N'. N'-tetmmethylLircr)~: Colourless crystals 
(decomposition at room temp. on filtration from excess solvent); 
(C6H5Na0)4 (C4H120)4r crystal structure analysis: 0.61 X 0.51 
X 0.48 mm, monoclinic. i W c ,  n = 22.473(4), b = 12.860(4), c = 
19.703(3) A, a = 90". p = 112.44(2)", y = 90", V = 5263(2) A3, 
T = -90 (1) "C, Dcalcd. = 1.172 g ern-?, 2O,,,, = 55.2", 5972 
independent reflections, 3621 [1>20(1)] reflections observed, 289 
parameters, K [1>20(1)] = 0.105, wR = 0.297, largest diff. peak 
and hole: 0.666 and -0.660 k3. 

Synthesis of the Sodium Phenoxide-COz Coinylex: 5.0 g (43 
mmol) of NaOPh was dissolved in 100 ml of THF, and C02 was 
introduced on stirring. A white precipitate formed after a few mi- 
nutes, and the introduction of CO, was continued for 1 h. The 
suspension was filtered and the residue washed with C02-saturated 
dicthyl ether. Drying in a current of C 0 2  yielded: 4.91 g (89%) 
C7H503Na. - IR (KBr): C(C02)sym = 1685 an- ' .  

The quantitative determination of the ratio of sodium phenoxide 
to COZ in THF and dioxane was carried out using gas volumetric 
analysis. 

FT-IR Measurements lPerkin-Elnlt~r 16 PC FT-IR): The sodium 
phenoxide-C02 coinplcx was suspended in nujole and introduced 
into a thermocontrolled KBr cuvcttc. At intervals of 5 K FT-IR 
spectra were recorded up to 80 "C. 

Sqmrution and Quantitutive Anc1lysi.r of' Phenol, Suliqlic and 4- 
Hydroxohenzoic Acid with HPLC [Gynlcotelc): The method was de- 
veloped by modifying a previously described procedure[l8ll. Col- 
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umn: Lichrosorb RP-8 (Merck). injection volume: 20 pl, solvent 
A: water/Lure buffer (955). Lure buffer: 0.04 M H3P04, H3B03, 
CH,COOH, solvent B: methanol, solvent system: 88% solv. A, 12% 
solv. B. pH = 3.0, How rate: 2.0 mllmin, isotherm at 25 "C,  pro- 
gramme: isocratic, wavelength: 214 nm. 

DTA [Riguku): 4.5 mg oP the sodium phenoxide-C02 complex 
were transferred under C02 into a measuring cuvette, cooled with 
liquid nitrogen, and sealed. The heating rate was 5 K min-' and the 
rcference material was A1203. 
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