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碱性离子液体催化合成三羟甲基丙烷 

龙金星 ’ 袁正求’ 马 浩 舒日洋’ 李雪辉 · 

( 中国科学院广州I能源研究所，中国科学院可再生能源重点实验室，广J'l、l 510640； 

华南理工大学化学与化工学院，广州 510640) 

摘要： 以碱性离子液体为催化剂，构建了一种新型、高效的合成三羟甲基丙烷(TMP)的方法．系统考察了催化 

剂类型、催化剂用量、反应温度、反应时间、甲醛与正丁醛用量比等因素对三羟 甲基丙烷分离收率的影响．研究 

结果表明：碱性离子液体的催化性能与其碱强度息息相关，碱性越强、催化活性越高．最优条件下，经离子液体 

【bmim]OH催化后，可得到84％的TMP分离收率。这一结果优于传统的有机无机碱催化体系且成功规避了传统 

碱催化合成TMP过程中繁琐的除盐过程、降低了过程能耗．此外，离子液体催化剂和未反应的丁醛均表现了良 

好的重复使用性能． 
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Catalytic Synthesis of Trimethylolpropane in the Presence of 

Basic Ionic Liquid 

LONG Jin—Xing’'’ YUAN Zheng-Qiu’ MA Hao SHU Ri—Yang’ LI Xue-Hui '’ 

( Key Laboratory ofRenewable Energy,Guangzhou Institute ofEnergy Conversion，Chinese Academy ofSciences 

Guangzhou 510640, R．China； School ofChem~try and Chemical Engineering, 

SouthChina University ofTechnology,Guangzhou 510640, R．China) 

Abstract： Ionic liquid(1L)catalyst attracts increasing attention during last feW decades due to its excellent 

advantages of both homogeneous and heter0qene0us catalyst．Here，a novel and efficient strategy for the 

production of trimethylolpropane(TMP)iS proposed with basic IL catalysts．The catalytic activities of the IL 

catalysts are jnvestigated．The effects of catalyst dosage，reaction temperature，time，and the molar ratio of the 

reactants are also studied．The results show that the basicity of the IL catalyst has a significant effect on the 

catalytic activity,where stronger basicity indicates higher catalytic activity．The IL 1-buty1．3-methyl imidazolium 

hydroxyl(『bmim1OH)lS proven to be the most efficient catalyst where more than 84％ isolated yield of TMP was 

obtained under optimized conditions．Furthermore，both the lL catalyst and butyraIdehVde show excellent 

recyclability．Moreover．this lL catalytic system avoids the inevitable desalination encountered by current 

processes utilizing inorganic alkali catalysts． 

Key W ords： Trimethylolpropane； Ionic liquid； Basic strength； Cannizzaro condensation 

Recyclability 

1 lntroduction 

Trimethylolpropane(TMP)．a polyol containing —hydroxy— 

methyl and neopentyl functional groups，has been regarded as an 

important intermediate in the organics industry． Generally,TMP 
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is synthesized via a two—step process，namely,an Aldol conden— 

sation of formaldehyde and butyraldehyde followed by a Can— 

nizzaro condensation2 or catalytic hydrogenation． ’ The catalytic 

hydrogenation method usually suffers from high reaction tern— 

peratures and high H2 pressure，requiring robust equipment for the 

dangerous operating conditions．In contrast，the Cannizzaro 

condensation is more popular because of its gentle reaction 

conditions and efficient product separation．Conventional alkalis， 

such as NaOH，KOH，Ca(OH)2，and Na2C03，were proven to be 

efficient catalysts for this process．and 70％一80％ yields have 

been demonstrated． ’ However,the homogeneous catalysts are 

corrosive and difficult to recover．Heterogeneously catalyzed 

processes generally suffer from high catalyst／substrate molar 

ratios and unevenly distributed active centers． Furtherm ore，the 

post—separation and product purifaction are tedious an d labor- 

intensive(especially desalination)． 

As a novel catalyst，ionic liquid(IL)combines the advantages 

of both homogenous and heterogeneous catalysts：high acid or 

alkali strength，uniform catalytic active centers，easy separation， 

and recyclability． ～ Therefore．ILs have been widely used in 

catalytic processes，such as material synthesis，organ ic catalysis， 

and more recent biomass conversion． 一”In 2005．Ranu and 

Bane6ec first reported that the Michael addition process could 

be promoted efficiently in the presence of the basic IL[bmim]OH． 

More than 90％ product yield was achieved for all active meth- 

ylene compounds examined．Inspired by this work，many base— 

catalyzed processes have been extensively investigated． 一 For 

example，Xu and coworkers show that 73％一93％ of product 

yield could be obtained during the Markovnikov addition reaction 

betw een alkyl—substituted imidazolium an d the unsaturated ester 

with IL[bmim]OH catalyst．Yang et a1． also found that this 

functionalized IL shows much better catalytic activity than con- 

ventional inorganic and organic alkali catalysts in the aza-Michael 

addition reaction．Basic ILs demonstrate excellent activity for the 

Knoevenagel reaction and the Perkin reaction，as wel1．For in— 

stance，greater than 85％-95％ substituted alkenes were produced 

at room temperature for reaction time of 10—30 min． Recently, 

it has also been reported that this IL exhibits excellent catalytic 

perform ance in the facile and efficient synthesis ofpiperido Y,4’： 

5,6 pyrano 2,3一d pyrimidinones2。an d the regioselective synthesis 

of thiazolidin．4．one derivatives． However,few investigations 

focused on the TMP synthesis，a typical base—catalyzed process． 

In light of evidence supporting the excellent catalytic activity of 

basic IL on the abovementioned processes，we report a novel and 

efficient process for TMP production at mild reaction conditions 

utilizing these efficient ILs． 

2 ExperimentaI 

2．1 Materials 

A1l of the reagents were analytical grade and used without 

further purification．1-Methyl imidazolium，1，2-dimethyl imid． 

azolium，and 1-butyl bromide were purchased from Acros(Be1． 

gium)．Formaldehyde，butyraldehyde，and other reagents were 

supplied by Tianjin Chemical Reagent Co．．Ltd．IL 1-butyl一3一 

methyl imidazolium hydroxyl([bmim]OH)was synthesized and 

purified according to the previously reported procedure．”ILs 1- 

butyl一3一methyl imidazolium formate([bmim]HCOO)，1-butyl-3一 

methyl imidazolium acetate([bmim]Ac)，1-butyl-2，3一dimethyl 

imidazolium acetate([bmmim]Ac)，and 1-butyl一3一methyl imid· 

azolium proline([bmim]Pro)were synthesized and their basicities 

were characterized according to our previous work． The struc— 

tures of these ILs were determined by Fourier transform infrared 

spectroscopy(FT-IR，Nicolet Nexus 870 FT-IR spectrometer 

(America)，KBr coating)，nuclear magnetic resonance( H-NMR 

and C．NMR，Mercury．Plus 400 MHz(America1，D2O as solvent 

for[bmim]OH and d6一DMSO for others)．and electrospray ion— 

ization mass spectrometry(ESI—MS，ThermoFinnigan LCQ Deca 

XP Plus(America))．NMR，ion chromatography,and elemental 

analysis show that the purities of these ILs exceed 97％． 

2．2 TMP production，separation，and 

characterization 

The TMP used in this study was obtained through consecutive 

processes ofAldol reaction and a Cannizzaro condensation． 

O 
l1 CH3CH2CH2CHO+2 H— C— H basic ionic liquid 

CH3CH2 

C
．

H20H 

一  一 cHo 

l 
CH2OH 

一  以 H cH 。H 
CH2OH CH2OH 

Typically,O．02 mol butyraldehyde，0．1 mol formaldehyde 

(measured as formaldehyde in 37％formalin)，and a designated 

amount of basic IL catalyst were loaded into a 50 mL round— 

bottom flask．The mixture was stirred at 30。C for 2 h and then 

stirred at 70 。C for 4 h．When the stirring time elapsed，the 

mixture of reactant and product was separated according to the 

following procedure． 

Form aldehyde was first removed by steam distillation．Next， 

free butyraldehyde was extracted from the water soluble fraction 

using toluene(20 mLx3)．The large boiling point difference al— 

lowed the free butyraldehyde to be separated from toluene by 

distillation at reduced pressure．The coarse TMP product was 

collected from the water-soluble fraction by consecutively re— 

moving the water,CHCl3 crystallization。and drying at 50。C for 

3 h under reduced pressure．111e resulting yellow solid was further 

recrystallized in ethyl acetate and dried at 50。C under reduced 

pressure until a constant mass was achieyed．The final TMP 

product was obtained as a white solid． 

111e physical—chemical properties and purity of the final product 

were characterized by FT-IR(Nexus 870 FT-IR spectrometer,KBr 

pelleting)， H—NMR(Mercury—Plus 400 MHz，D20)，”C-NMR 

(Mercury-Plus 400 MHz，D20)，and melting point measurements 

fX-4 digital micro melting point apparatus)．111e yield ofthe final 

product was measured by comparing the mass of the isolated咖  

to the theoretical value based on the initial quantity of butyral— 

dehyde． 
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2．3 Recyclability of IL 

After the carefu1 separation of free HCHO and HCOOH and 

after the remova1 of butyraldehyde by extraction using toluene． 

the IL catalyst was extracted from the water soluble fraction using 

CHCl3 three times f10 mLx3)．The recovered IL was obtained by 

the efficient removal of CHC13 at reduced pressure followed by 

drying at 70。C under vacuum ovemight．It was then used for the 

next run without further purification．The anion concentrations of 

the original versus the used ILs were determined on a Metrohm 

792 basic ion chromatograph(Switzerland)according to the 

previously reported procedure． 

3 Results and discussion 

3．1 Characterization of the basic ILs 

All of the basic IL catalysts were intensively characterized by 

FT-IR， H-NMR，”C—NMR，and ESI—MS(the results were listed 

as follows)．Determination of basic strength using the acid-dis- 

sociation constant(pK0 shows that the basic strength sequence of 

these ILs”is[bmim]OH>[bmim]Pro>[bmmim]Ac>[bmim]Ae> 

[bmim]HCOO． 

3．1．1 『bmim1OH 

FT_IR：3443，2958，2932，2873，1651，1601，1447，1394，1353， 

1 122，871，778，694 cm～． H NMR(400 MHz，D2O) ：8-38(s， 

1H)，7．93(s，1H)，7．88(s，1H)，4．71(t，J=7．2 Hz，2H)，3．27(s， 

at0，1．45(m，2H)，1．21(m，2H)，O．79(t，,／--7．2 Hz，3H)．”C NMR 

(400 Hz，D20) ：140．6，134．8，129．1，48．9，37．4，33．8，19．6，13．4． 

ESI—MS：positive ion mode，m／z=139(100％)[C8 Hl 5N2]；negative 

ion mode，m／z=17(100％)[OH]． 

3．1．2 【bmim】Pr0 

FT_IR：3443，2962，2871，2188，l579，1390，1169，l101，833， 

754，623 cm～． H NMR(400 Hz，DMSO) ：9．54(s，1H)，7．79(s， 

1H)，7．71(s，1H)，4．14(t，J=7．2 Hz，2H)，3．83(s，3H)，3．60(s， 

1H)，3．12(s，1H)，3．01(br，1H)，2．87(m，1H)，1．72(m，3H)，1．57 

(m，1H)，1．45(m，1H)，1．37(m，1H)，1．21(q，2H)，0．85(t，,／--7．2 

Hz，aM)．”C N (400 Hz，DMS0) ：177．0，137．6，124．0，122．7， 

63．1，48．9，47．5，36．1，31．9，31．6，26．5，19．2，13．7．ESI—MS： 

positive ion mode，m／z=139(100％)[C8Hl ；negative ion mode， 

re~z=1 14(100％)[C5H8N02]． 

3．1．3 【bmmim]Ac 

FT-IR：3432，2962，2884，2133，1640，1572，1405，1347，1247， 

1 124，1023，754，675 cm～． H NMR(400 MHz，DMS0) ：7．86 

(s，2H)，4．15(t，,／--7．2 Hz，2H)，3．81(s，31-I)，3．12(s，3H)，2．63(s， 

3H)，1．68(m，2H)，1．54(s，3H)，1．27(m，2H)，0．88(t，,／--7．2 Hz， 

3H)． C NMR(400 MHz，DMS0) ：173．4，144．6，122．9，121．5， 

49．0，47．3，34．8，31．6，19．1，13．7，9．3．ESI—MS：positive ion mode， 

m／z=153(100％)[CgHI7N2]；negative ion mode，m／z=60(100％) 

[C H40 】． 

3．1．4 『bmim1Ac 

FT-IR：3429，3151，3086，2957，2873，2186，1564，1467，1391， 

1326，1164，1008，918，762，645，613 cm～． H NMR(400 MHz， 

DMSO)6：8．63(s，1H)，7．97(s，1H)，7．88(s，1H)，4．20(t，J--7．2 

Hz，2H)，3．89(s，3H)，1．77(m，2H)，1．23(m，2H)，0．85(t， 7．2 

Hz，3H)．”C NMR(400 MHz，DMSO) ：165．7，137．5，124．0， 

122．8，48．6，36．0，34．8，32．0，19．2，13．6．ESI—M S：positive ion 

mode，m／z=139(100~)[C8H15N2]；negative ion mode，m／z=60 

(100％)[C H O2】． 

3．1．5 『bmim]HCOO 

FT_IR：3443，2962，2884，2793，2715，21 10，1639，1584，1471， 

1 169，11 13，766，652，632 cm一． H NMR(400 MHz，DMSO) ： 

10．24(s，1H)，8．62(s，1H)，7．98(s，1H)，7．86(s，1H)，4．19(t， 

7．2 Hz，3H)，3．89(s，3H)，1．75(m，2H)，1．23(m，2H)，0．86(t， 。_ 

7．2 Hz，3H)．”C NMR(400 MHZ，DMSO) ：173．8，138．3，124．0， 

122．7，48．5，31．5，26．5 19．5，13．9．ESI—MS：positive ion mode， 

m／z=139(100％)[CsH．N2]；negative ion mode， ／z=45(100％) 

fC02H1． 

3．2 Catalytic activities of IL catalysts 

The catalytic perform ances of basic ILs are first investigated． 

1．able 1 shows that TⅣ production yield is only 28％ without the 

use of a catalyst．However,when a basic IL is present．74％ to 

82％ isolated yield could be obtained．Generally,both the Aldol 

reaction and the Caun izarro reaction can be accelerated by alkali 

presence，hence，the addition ofbasic IL favors the production of 

ⅥP lble 1 also demonstrates that the catalytic perform ances of 

the basic ILs are significantly influenced by their basic strengths， 

where stronger bases result in higher catalytic activity．For ex． 

ample，[bmim]OH is the strongest basic IL and has the highest 

TMP yield，82％ ．According to the previous reports， the TMP 

production process utilizes a carbanion mechanism．Thus，stronger 

basicity indicates a higher density of carbanions resulting in higher 

TMP yield．Further investigation demonstrates that『bmim]OH 

also exhibits much better catalytic performance than traditional 

organic and inorganic alkalis，such as NaOH，Na2CO3，NaHC03， 

and Et3N．M oreover,compared with traditional alkalis．the de— 

salination process is unnecessary for ILs．Therefore，ILs show 

Table 1 Catalytic activities of basic ILs and conventional alkalis。 

conditions：O．02 mol butyraldehyde，0．1 mol formaldehyde(measured as 

formaldehyde in 37％formalin)，Aldol temperature of30。C for 1 h，Cannizarro 

temperature of 80。C for 5 h． Isolated yield was measured according to the 

butyraldehyde． recycled for three runs under the optimized condition 
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great substitution potential for the traditional alkali catalyst in this 

process- 

For homogeneous catalysts，larger catalyst dosages normally 

mean more active catalytic centers，resulting in higher catalytic 

performance． 一 Therefore．a sharp increase in TMP yield was 

observed with increasing catalyst dosage from 0．006 to 0．020 mol 

(Table 1)．However,form aldehyde and butyraldehyde could 

catalytically condense with each other and themselves in the 

presence of[bmim]OH．For example，more than 76．8％conver- 

sion(determined by gas chromatography flame ionization detector 

(GC—FID)analysis)was observed when 0．04 tool butyraldehyde 

and 0．02 mol『bmim]OH were heated at 80。C for 5 h．Nam ely, 

during the TⅣ production．heteronuclear condensation of bu— 

tyraldehyde wim HCHO competes with self-condensation．Due to 

steric hindrance，the smaller molecule，HCHO，more readily at— 

taches to the butyraldehyde molecule at low 『bmim]OH con— 

centrations．Nevertheless，when excess catalyst is present，the 

density of active carbanion intermediate of butyraldehyde in． 

creases significantly．As a result，both the heteronuclear con— 

densation and self-condensation of butyraldehyde were promoted． 

Thus，the isolated yield of TMP was declined gradually when the 

added IL『bmim]OH was more than 2．0 ml-nol(Table 1)． 

3．3 Effects of reaction tern perature and time 

Fig．1 shows the effects of reaction temperature and time on 

TMP production．As shown in Fig．1(a)，TMP yield significantly 

Q- 

= 
卜- 

o 

旦 

．璺! 

a) 

里 

Cannizzaro reaction temperature／。C 

increases when the Cannizzaro temperature is elevated from 50 to 

70。C．It is well known that condensation could be accelerated 

significantly at high temperature，resulting in high conversion 

rates and product yields． However,side reactions．such as de— 

hydration and etherization of polyol，would also be accelerated． 

Therefore．no obvious increases in TMP yield are observed as 

temperature is increased above 70。C(Fig．1(a))．Reaction time is 

also a significant factor for TMP production．Fig．1b shows that 

TMP yield sharply increases from 70％ to 8O％ when the reaction 

time is extended from 2 to 4 h．HoweveL once therm odynamic 

equilibrium is reached(around 4 h1，TMP yield becomes inde— 

pendent of reaction time． 

The influences ofAldol reaction temperature and time on tl1e 

isolated yield of TMP were also studied(Fig．1(c，d))．Fig．1(c) 

demonstrates how the TMP yield increases sharply(73％to 83％) 

when the reaction temperature is increased from 20 to 30。C．an d 

then plateaus upon increasing the temperature funhe~Fig．1(d) 

shows that the isolated yield ofTMP is significantly influenced by 

the Aldol reaction time．The isolated yield of TMP gradually in． 

creases with prolonged reaction time．For exam ple．1ess than 75％ 

TMP yield is achieved without the Aldo1 process．but sharply 

increases to 82％ when the reactants and catalyst are pretreated at 

30。C for 2 h(Fig．1(d))，suggesting that the Aldol condensation 

process is essential for efficient TMP production．However．in． 

creases in TMP yield are less significant at Aldol reaction times 

cannizzaro reaction lime／h 

AIdoI reaction temperature／。C AIdoI reaction time／h 

Fig．1 Effects of reaction temperature and time on the yield of TMP 

(a)Cannizzaro condensation temperature，(b)Cannizzaro condensation time，(c)Aldol reaction temperature，(d)Aldol reaction time Reaction conditions are as follows： 

0．02 mol butyraldehyde，O．1 tool formaldehyde(meas~ed as formaldehyde in 37％formalin)，and O．02 mol[bmim]OH．(a)Cannizarro time of5 h，andAldol temperature 

of30。Cf0rl h；(b)Cannizarrotemperature of70。C，andAldoltemperature of30。Cf0r1 h；(c)Cannizarrotemperatureof70。Cfor4h，andAldoltime 0f1 h： 

(d)Cannizarrotemperatureof70。Cfor4 h，andAldoltemperature of30。C 

『d J_ pJoÎ口olBl0∞一 ／d J- lBI。∞lJo pl 1人 

／d J_ pI∞Î ∞lBl0∞一 
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Fig．3 ’H-NM R spectrum of the final TMP product 
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Fig．4 C-NMR spectrum of the final TM P product 

Wavenumber／cm一’ 

Fig．5 FTolR spectrum of the final TM P product 

C一0，which generally ranges from 1750 to 1700 cm～．is not 

present．In light of these findings．in coniunction with the H． 

NMR(Fig．3)and”C—NMR(Fig．4)results，we can safely conclude 

tllat the TMP produced bv this basic IL catalytic process has high 

purity．Furthermore．the final TMP product has a narrow melting 

point between 58 and 60。C，in good agreement with previously 

reported melting points ofTMP． 。 

4 ConcIusiOns 

In conclusion，an efficient and novel strategy for producing 

TMP is proposed using basic IL catalysts．The catalytic perfor- 

nlance ofthe IL significantly depends on the basic strength，where 

higher basic strength results in higher catalytic activity．Under 

optimized conditions．isolated yields greater than 84％ are at． 

tainable with the strongest basic IL，[bmim]OH．This yield was 

higher than that attained by conventional alkalis．Furtherm ore． 

both the[bmim]OH and the butyraldehyde demonstrate good 

recyclability,after which，the IL showed slight activity loss(after 

three runs)while 90．7％of flee butyraldehyde could be recovered． 

Moreover,this method has the advantage of avoiding the tedious 

and labor-intensive desalination process，which is necessary for 

traditional base catalytic processes．Therefore，this efficient 

process provides a promising and beneficial method for future 

production ofTMP 
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