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BER 2 SOMMREESN A AT S 3-BL04-E Y AR UEEEE (D-7 VY h— A,
D-¥v¥ /) —A, D-AT7 h—R, D-Z/Va—R) LOHEHERF L — NMEEECEHEIZ OV
TR T 237, TR TCOVMERELRET DI LI L. £, BHoni4s
BER A W TAERTR pH (pH=7.4) I[ZBITA25&MBEKESE REG Y, o7 ==/
R UEHRER L EBRET A 2210k, Ao Bar R ER e T ARRE Y —0
AEFFRSRAE T T O P mm A 72 RO D W Tigam L 72,

1. %S

Ar i (RB(OH),, R = AHEEBI) 13, BEREOZMT Vv a— L L ZERF L —
MEEWMZEKTHZ ENMBNTEY, A vBEEAEK LT Ryt Y —
DT IRIL A e B8 % <AThbit TV AH[1-4].

Au g EHEEE ORISIZE W T b EARN R KGRI, VA4 — VAL 2 B 1 & 5
LR u UERO TJEX L— MERERKE TH 5. Ba 1T, Z ORI KSIC OV T,
Scheme 1 (TR 9§ N T O/ Yl 2 B8 L 728 2T 217V, =R AR e g L — b
RBL OFfREETE (KB 2%, KISHOR e RB(OH), OREREEES (KD &kl L
TpK <<pKP L7222 L &#B 5T LE[5]. 2, ¥ L— MERMRRIGRTO R T v
Rl HILDICHEVEE L 720, LR HINEA Y pH fEIR CARFEA A4 v 2 U T &E 5L
k&é:k%%bfwé.ik,&an@§mﬁ%;m¢i9_,MmmhkmL#%
[@%Mﬁﬁéﬁ#éi@,*%%ﬁy(md)%mmLTRmAmyﬁiﬁﬁéﬁaﬁﬁ
IR BB TH D Z 2, WBEOHERMIMITIZ L VLT LTV S[6].

—J7, AT E TIZ, Scheme | DFEERTEAMCEEIZIZA r L BOHBR LT, VA —/L
mﬁ¥@MéW(mL®M%%EﬁK$)#%5?6_&%hﬁbf%tﬂ.§m#1@

AT b K HEITT DA pH SF (pHop) 1, SRUFARMERD pH (KTFMEIZEE T 2 B
WWMﬁ%%wMi,ﬁm/&&gﬁ7w:~w@@%%ﬁﬁ(m%aMﬁmH%mwf
KHTHEND.
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Scheme 1. Possible equilibria for the complex formation of boronic acids (RB(OH),) with diols

including saccharides (H,L having pK, > 12) at pH < 10.

pHopt = (pKa® + pKa")/2 (N

KITHE 2T, AEFEA pH O L 5 2 MELE T T, pkl = 2 BEDOSM 7 Va2 — L Th
W &R ST DR o — & LT, pKa® = 4 FREEDUT O R B e
BT 52R0 BERRTO06ENDD. ZOBEND, EROERMbYe Y —T L
LTELSHWSEND 7 = =R e CERRRER (MRl Ed pK, = 7-9 FRED) 13/ THIW
e Cdh57-0[1,8], P pH TROLEMICITZOHER#MEV—0 0 EK L Ll
GEIFEVWEW., 22T, ZOMEREMBRET LA VBRARE LA, 3-BL04-E
U VR e RN pK, = 4 FREE DR RICE WERIREEREZ A L T\ D Z E RN b o 72[9].
L7ehoT, 26 ) URe o fgeEEE Ox L — FMEKERSUSONEIE, XD
BENT-HEEHE P —BRICET2EERERE G 2DHEBE26N5.

LML E, BV Ui a U EBiE Scheme 2 IR T L9112, Ra ok bd )Y
NEOIEBRTH LYY =0 LRSS BEREEE S FAET 5[9]. 2hw z, $EATERK
J& O P O FRHTIZ Scheme 3 12”4 X 912, (1) SUBHTOR 7 VBRICET 5 3 S fk¥H

(HPy B(OH),, HPy'B(OH);", PyB(OH);) OD[EDEEIREE VM, (i) i b OFKALFHE &b
BNL - (HoL) & 0% U— MERBRECESE, (i) AR ORa VA 4% L— MIBET
% 2 DOfLFFE (HPy' BL(OH), PyBL(OH)) O[O EEAREE V-5 D3~ CT O Vi % &89
HMHENEH D, Scheme 3 1L, ZAIVE TN Z1T > TE MO R v RO ERIE KIS DAL
FOEMG (Scheme 2) XV BT HMICHEMEL 72D, £ 2 TARMFZETIE, 3-BXU4-v U U
e gL B L OSERTE R 0O A ME 7 W e B R AT A R A T
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B = Py =
HN \ pK,P=440 & \ PEPY =827 | \
QB(OH)Z — O—B(OH)g — @—B(OH)g
__ + H* __ + H* _
3-HPy*B(OH), ~H0 3-HPy*B(OH); 3-PyB(OH);
pK,B=4.00 pK,PY = 8.04
+/ \ +/ \ _ 4 \ _
HN B(OH), === HN B(OH); === N B(OH);
— + H* — + H* —_—
- H,0 - -
4-HPy*B(OH), 4-HPy*B(OH); 4-PyB(OH);

Scheme 2. Acid dissociation equilibria and the pK, values of 3- (top) and 4-pyridylboronic acids

(bottom) in aqueous solution [9].

side product (negligible)

________________

HPy*B(OH), + H,L <=-9&==1{ HPy*BL |
‘ +2H2O oot ST
K Ji
H+ 1 +H+ A *
-"-HQO KaB + H30+ —H20 :i (KaB)
/ K /
R
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Scheme 3. Possible equilibria for the reaction of pyridylboronic acids (PyB(OH),) with diols
having pK," >12 (saccharides) at pH < 10.

2. EB
2.1 #E

3-E'U PR a g (3-PyB(OH)) BL VN 4-E U PRt UER (4-PyB(OH)) 1 FEHE
ST RRISIK S -, BEE L CHWED-7V Y h—X, D-~> /) —X, D-HTF 7 h—
A3 L D-7 /b 3 — A TFOGMSE TR REIE 2 W e. A A B ok |k
Uo7 LB L pH SR O TH 2 /KB LT N U ¥ ATF0EHSE TR RAI A, pH
FHEE T DR T &b 2 MR IR ATRE T2 RO ot IR 2 e HER I IR K £ 72
MK (Milli-Q 7K) Z2 W72 23, 206 ORGENEOEWITRIEMEIC R E L 5 2 2o T2,
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2.2 JIE

pH ZALITfES BV DR m g L B O KOG O i 0B BN BT 5 R IFEEK
(K™ B L KR™) 1%, VU URn g el s ORA KGR % B RAERT R UV-2550
AT EFHZH TR EREL, HONTRIASRYZ bV pH K17 %
SPECFIT 7' & 77 A[10]1Z2 W T2 Z LIC k> TIRE LT, T X TORENRK DO
FEIX, BALFThHBOREE (CL) NAo U BEROKRIEE (Cg) I LT ED 100
L&A B KBRS (CL >> Cg) & Lz, KB pH X, HEEdH D W ITkEEILT b
Vo LxEHWCTIHEL, ®iliT +—47—F—M8 pH A —% —HM-25R %W THIE L.
TRTOREHRIR DA A L, BT R T AZHNT0.1 MICHHEEL, RIEREX
25.0£0.1°C & L7z,

3. BRLEBE
3.1 HARREBMEICLAIVID LA U BREEEL OEEKEREED
SHEEEORBE

vY YR g (3-PyB(OH), 8 L OV 4-PyB(OH),) B (D-7 2 h—A, D~/
— A, D-HT77 b—RA, BIOWD-Z)Va—R) OREERDOWILARY k)vd pH KT
O EREEIC L VRE Lz, #ilE LT, 3-PyB(OH), & 7 /v 7 b —ZADIRETRIKDE
% Fig. 212, 4-PyB(OH), & D-7 /L7 h—ZDIREBIED#EH% Fig. 3 127, WFho
v VR e gl BEORERIE OB AT N OW T, pH Z{bicfE-> TR D
FEIE DRI % b OB BR Sz, ZOBIE, WIIRO pH Z1bi%t LT B D
BRI PN FET D2 LA RL TS, T2 TINLOWRIN AT ML pH HIFM %
SPECFIT 7' & 77 A[101IZ X 0 g L, pH ZALIZfE S b7 Bl o BENCE T 5 2 DD %M
B (K™ B X KL™) %1572 (Table 1).
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Fig. 2. (a) Absorption spectra of the mixture of 3-pyridylboronic acid (0.1 mM) with D-fructose
(10.1 mM) at pH 1.21-10.94, and (b) pH dependence of absorbances at 260 and 270 nm in (a).
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Fig. 3. (a) Absorption spectra of the mixture of 4-pyridineboronic acid (0.1 mM) and D-fructose
(5.01 mM) at pH 1.35-9.95, and (b) pH dependence of absorbances at 250, 260 and 270 nm in (a).

Table 1. Experimental conditions and conditional constants (K,*"" and K,,""") for the reactions of
pyridylboronic acids with saccharides at /= 0.1 M (NaCl) and 25°C *

3-Pyridylboronic acid
(pK.> = 4.40, pK,” = 8.27")

4-Pyridylboronic acid
(pK.> = 4.00, pK,™ = 8.04")

Saccharide CL/ mM pKa "™ pKo"" C./mM  pKy,™ pKo""
D-Fructose 10.1 3.7 7.7 10.2 3.2 7.5
D-Mannose 50.2 4.0 7.9 50.0 3.6 7.7
D-Galactose 50.0 4.1 7.7 49.9 3.6 7.6
D-Glucose 50.3 4.2 8.1 50.0 3.7 7.8

“Cp=0.1mM. °Ref[9].

B VR e R L FEEORBEIROBRINA ST SO pHARTFEN B b 2 2D
EMERDIRBEATH 120, FEAK (D,0) 2B E LT "BNMR JIEZ1T-7-. £ OREE,
K™ D pD (=-log [D']) fHET'"BY 7 FARKEL 7 FLER, —F T pKo™ fi
O pH L TIEFZENIZERE R 7 MIBIHI SN2 0o T, ZORERIE, pKa™ BT D
pH T v UBEAL O 2L F A BEN L, T AU RR - E 0 OE HIRES
NSO RE RN > TWDEZ L ERBLTWS. £72, pKa™ I pk,"” EIZ,
KL I pK, Y EICZF N EHIRVMETH Y (Table 1), BIEIEA 0 U BEEALICB T 51k
Wi, %EIEIEY DAKICET O REENEN G L THREND. ZHD
Tenh, K™ IR e CVBEMOKIE CE) 28 0&FERTHY, KL™IEE ) U
KoL CFH) 280&MERTHD LB LT,
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3.2 BUVNRe U ERLEEEL OEEERKIG D4 fENT

31 EITEHELNT-SMESE HWVWT, Scheme 3 OF L — MEIKEAICICE TN 505
Wl R L, T RCOVHEROR M ERAT. ok, 3.1 @B 2 MESEIE T
TpH<10 ThH Y, BN+ Th D BEH OB O % G-I EHE TE 21X 8/, £z,
ARMIZOWTIE, Scheme 3 (253 K 9 ZRERfRBESEMTICfE 5 3 >fbsFE (HPy BL,
HPy BL(OH), PyBL(OH)) W A[fETH DA, HE Tih~_7=Loic, ZEMiRne vy L
— b HPy'BL IZSRTO AR v 8 HPYy' B(OH), & 0 135 I EiRBtRE RN & <, 12 & A ETF
ELRWEEZOND. ZOREIEX, HPYBL 24D —>L LTEEB LI-MITCHEE
I ERPG LN NI ENL L XFFEIND. LEER- T, Al e L TIMNENLA =
VA AR L— O ) U= MO TS (RREERE K LT D) OonvE
452 &L L7z (Scheme3).

PLED G & LR D i E O BEFREEEANE, Q- TERMEREES & L TH
S5,

x® _ [HPY"B(OH); J[H"]

a : @)
[HPy'B(OH), ]

k- [PYBOH) ]I} 3
[HPy'B(OH); ]

i [PYBLOOH) J[H'] @

‘ [HPy*BL(OH)"]
F L — MEHATE P X, Scheme 3 IZ/RT K 912, ENENDORISY & AMMIZ3 LT
e b WAL/ HRBE TR 2 LT, RUE#THSH HPy B(OH), HPy B(OH)y, PyB(OH)y
DENZNUTH T DA ERITNG) (N TEZLND.

K - [HPy"BL(OH) ][H']

1 - ()
[HPy*B(OH), |[H,L]
__[HPy"BL(OH) ] ©)
* [HPy"B(OH);1[H,L]
PyBL(OH)”
_._[PyBL(OH)] o

~ [PyB(OH); ][H,L]

F 30 HOWRE LY, FHEE K™ IR a U EREALIZ BT D 9T O R EE A 2 S A
TEY, KIEE Y OV EOREHRTH LY V=7 AT 5 9T O MR EE - 4
BATVDZEDD, TRENAE)BLTO)DOBFAL LTRS LB TES.
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[HPy"B(OH);]1+[HPy"BL(OH) ])[H"]

K -
[HPy"B(OH), ]

®)

g _ (PyB(OH); 1 +[PyBL(OH) D[H"] )
“  [HPy*'B(OH);]+[HPy*BL(OH)]

AEIZHONT, KQBLUVG)ZHNWTER - EH LT K IZOWTORABRREZEHRL, =
HIZ 22 i Cl 7= REHBRIE S (CL>>Cp) LVW[HLI=CL Pl TE DL 2B ET D
EXAOBELND.

kKT =KD KoK
[H,L] C,

(10)

R10) &V, ERRER K IZEMEER K™ LBV PrRn B K, 785 NTHEEE (CL)
FRAVWCTRDDZENTES. F72, ROUITHOWVT, RQ)BLOG)EHWTLEE - BB
THEXADHRELNS.

K,=—L (11)

Lo T, EREHR KT KB IORA0)TRO7- K bRkobng. —F, RO
SN, KB), 6), BLXOMNEAWTER - BHL T KGIZOWTOBEBRAEZEHL, &
HIZ[HL] = CL ol &3 2 & AR /FmH 5.

_KZ(+K,C)-K”

K
’ K>C,

(12)

K12) LV, ARER K 1350 E K™, E U VR e U Bo K, BRE C, 7250
WA TRDTZ K ZHNTRDDHZENTED. 612, X(Q3), @), (6), BLUTMN%E
AT KM ICoWTERET 2 L RAHRELND.

kv =Kign (13)
K

2

LR T, EoRa s FrFr— o KT K, K BEO K 2 ATk
DHIENRTED., ZDOXHZ, KeWE L OERY OREEEEEE, 720 MK ESHD
MR EBRICHWD Z L2 XV, Scheme 3 DT R TOFEMEREZRETDHZ LTI L
7o, ARBFFECIRE L2 _CO Vi g4k % Table 2 (2777,
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Table 2. Equilibrium constants for the reactions of pyridylboronic acids with saccharides
determined at /= 0.1 M (NaCl) and 7= 25°C

Saccharide K Ky /M! Ky /M K"
3-Pyridylboronic acid (pK,” = 4.40, pK,”” = 8.27%)

D-Fructose 1.6x107° 4.0x10° 1.8x10° 7.6

D-Mannose 1.2x10°° 3.0x10 9.7x10 7.8

D-Galactose 7.9x107* 2.0x10 1.3x10? 7.5

D-Glucose 4.6x10° 1.2x10 2.7%10 7.9
4-Pyridylboronic acid (pK," = 4.00, pK,"” = 8.04 %)

D-Fructose 5.2x107 5.2x10? 2.0x10° 7.4

D-Mannose 3.0x10° 3.0x10 8.9x10 7.6

D-Galactose 3.0x10° 3.0x10 1.2x10° 7.4

D-Glucose 2.0x10°° 2.0x10 5.0x10 7.6

“Ref [9].

3.3 AHZEHpHIZBITAE Y VLR vBREEEL OEEBREED
AR E
Table 2 D X D (A ER DM RENT, EED pHIZBIT LR e VBEFEHEOX L
— NSRS D3 PR B & ORREMEIT T 20005 Z E N TE 5. ORI, X(14)
R RIFARER (K) ZH05.

K’ '

P
B, L, — P! K’= 14
rES BILT (14)

A(AHIZBNT, [B’], [L’], BROPNE, FHEURBIZEH T DRSO R v e b fE
DORIREE, RSO (BALT) OREE, BIOERYO X L — MEKRE(LFEREO R
ErxrntnET. FUHEE CcHIE, KIIRKIGOR o BRE L FRIC 9 5 LY
PALFREOL (BRI ([ZHAIT 5700, KfEZ T UER e R EbEE oRIGYE (b
V) BT A ERENMANEOND.

Scheme 3 ([ZHS B YR m Vg L HEE L OKIGOEA, [B’], [L], [P IEEhEh
X(15)-(17)TERENS.

[B’] = [HPy B(OH),] + [HPy B(OH); ] + [PyB(OH)3 ] (15)
[L°]=[H,L] (16)
[P]= [HPy*BL(OH)‘] + [PyBL(OH) ] (17)

KADHIZKA5)-ADERAL, E5IZXQ), 3), 5), NDEHWTER - BHI4 5L, K’
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X K8, KDY, K, BIOKZHNTRAYD L izESND. 2B, KUYD K1 BL Y
K3 lE, =hznNaDB L) zHAvniE, KK E2EalRicb AR TE 5.

+ B P
, K[HIJ+KK'K”

Tt 2 Bryy+ B 1P (18)
[HT+K'[H ]+K 'K~

H(18) & Table 2 D P ER D HROTZAH R pH (pH=7.4) IZFBIT D Kl %Z, HEREE
VY —DEAERE L THOONDS 7 = bR a VgL AT Table 3 127”7

Table 3. Estimated conditional formation constants (K’) for the reactions of pyridylboronic acids

with saccharides at physiological pH 7.4

K’ /M atpH 7.4

Boronic acid pK.B D-Fructose = D-Mannose  D-Galactose D-Glucose
3-Pyridylboronic acid 4.40 5.7x10? 3.8x10 3.3x10 1.3x10
4-Pyridylboronic acid 4.00 8.2x10? 4.2x10 4.8x10 2.6x10
Phenylboronic acid ? 8.8 1.6x10? - 1.5x10 4.6

2 Experimental data in Ref. [11]. Measured at pH 7.4 using 0.1 M phosphate buffer.

AW TRRET L7 4 R OPEIZ OV TR i & L TORSMEL T 5 &, BT
D-7)VJ h—RA >>D-~v2 /) —A =D-HT77 h—A >D-7/)ba—ADJEIZ KfEN/NE L
720, K2 D-T7NT b—=AIZK L TERWERISIEBRMEDN B2 2 & birolz. 2D X5 7K
SR IO R e g L [FERETH V[1-4], Table3 D7 = =/LR b UEEOFEFR & —F L
TW5., ZOHMELE LT, D-7/V7 h—A1X Scheme 4 (2779 & 912 " JEF L— NN 7D
BT ZHEX L— ML & L TR VB ESHATER T 52 LN TE LD THD LN
PITND[4]. LLRRD, KEERTIZE T D S L— FERE =X L — FMEHAD
MBS B R ZE I RS 7 S 7. SR L— RN AERL T DRI R L—
NEERD S ORKIEFE T 572 (Scheme 4), ABFFETHW AR D pH 220125 < F
iEm B E - RN FIE I Z OWMROFEM A G TE RV, LR - T, nERME
BT 2 A 2G5 72 DITiX, MO L FERFIEC L OREPMNERAIRTHD.

OH HO K 0 O~ |

| hor ] OH o )

B + HO —_— /B\o ‘——‘2 B o}
R™ SOH  HOZ {R™\ R™ \

indistinguishable by the present analytical procedure

Scheme 4. Tri-coordinate complex formation of boronic acids with triols including D-fructose.
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Table 31Z/R L7 X 912, pH=T4IZBVTEY VAR v RIZ 7 = = AR VEEL D b
SMEEREMKBRREL, FIUBEBEECIEEY AR U BOIEI N7 = Rhe Uik
DHELSKIET DI Enbhrole. Au VBN OREREEER Z kT 25 &, 3-BXLUV 4-
EUYUARE U (FNEN K, =440 B TN4.00[9]) (Z7 ==AR o U (pK,” =8.8
[11]) LY LEMREERES V. 260 pK, ES D-7 /47 h—2 (pK,"=12.03 [12]) &
DED I pH (pHop) ZN(NIZEDSWNWTRO L &, 3-BLV 4-v'Y Vbdhm U giTZ
h%npmmgzkiwwokﬁb 7z =R e UERIE pHop = 104 £ 725, LT - T,
pHop AN EFR ) pH I W E ) DR e VRO D 23, B ORISN L 0 e & iR T
5. ZOBLEND, BMBEREOE (pKS O/NE V) R RIS pH CHEE &
BIRHNCIET D EBEZDND.

LL—FHT, AZMC= b A MALE3-= e 7 2= LARu U@ (pK,° =7.21)
ED-TNAN h—R L DGO pH =74 128 5 &M AR ERITK =2.0x10° M TH Y [13],
T xR VORI LT E Y VLR e gD KA (Table 3) X0 b K&\, i pH
DBLENG, 3-= b7 = =)biha CIEORE pH (pHop=9.6) 137 = =LA v 2 (pHop
=10.4) X0 HAEHPH pHIZTEVMETH A 72O IGD L VT LR TX 523, U UL
AN W (pHop = 8 F2E) KV EWETHHITH DO, KIS X Di@ﬁﬁf%)ﬁﬁ“
B, LIeRno T, AEMFH pH (2T D8 & O P igmt st Z m LS8 572912
A U OBREREREICE S &l pH OBLEOARR BT, ZOMOER (KISIZHED 4{21-(
HEESCE TIREEDOZENR L) ITOWTHERAT OV ERDLDL EEZEILLND.

4. %S
AP TIEA a2 ARG L T 28R o — oMo —RE LT, Vg
RBERE A AT A 3-BLO4-E Y AR U BICHOWTHE (D-7V7 h—Z, D-vv» /) —
A, D-HT7 b—RA, D-Z )L a—RA) LDx L — FERIERL S O EHG IR 21T\,
EREREETLT X TOVHEEREZRET D Z LTk Lz, AP pH (pH=74) I
B D R0 2 SOSME & L ET T B 72, A EE AW TC pH="7.4 (2B 554
BREK (K) #7722 4A, PUDALRaYBII 7= LR o sl b KEA K
<, EHERENCRIS A L v ETe Z LNy Tm. RGO pH OBLEND, &\ BRI
REZAT 2R VERIZABYHN pH ICB T 2L OKISICHENCERI T D B2 bR
5. — 5T, BEMEAT Y VLR UBEIVIELS 7= AR VLY bEW 3= b
Tx=ahue U iglE, BVULARRYBEIDLRER KMETHDL I D, EHTH pH
B DM & O Hiim sOntEZ M E S 57012, A e U IBOBEEEE D A7 5T,
%OMHAO)%I IOWTHRATO2RENRNLDL EBZZLOND.
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i
AWFZeD—ix, BRI ER4 (21750082 38 L T8 15K05551), Z2HNZ, Ok H D
Bl it s PRk 29 F 2T ER) OBk &2 521 T 56 L 7=.
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Abstract: Equilibrium analyses for the chelate complex formation reactions between
pyridylboronic acids (3- and 4-pyridylboronic acids) having two acid-dissociation sites and
saccharides (D-fructose, D-mannose, D-galactose, and D-glucose) in aqueous solutions were carried
out by using spectrophotometric pH titration methods. All the equilibrium constants involved in the
boronic acid—saccharide reaction systems were successfully determined at /= 0.1 M and 7 = 25°C.
Further, the conditional formation constants (K’) at pH =7.4 for all the systems were estimated to
obtain the information of the thermodynamic reactivity of boronic acids with saccharides at
physiological pH. On the basis of the K~ values, the thermodynamic reactivity of the boronic
acid-based chemosensors for saccharide recognition under the physiological conditions was

discussed.





