Organic Process Research & Development 2001, 5, 472-478

A Selective Process for N-Alkylation in Competition with O-Alkylation: Boric
Acid, Borax, and Metaborate as a Cheap and Effective Protecting Group
Applicable for Industrial-Scale Synthetic Processes

Hans-René Bjgrsvik;* Hanno Priebe, Jan Cervenka, Arne W. Aabye, Trygve Gulbrandaed,Arnt Christian Bryde
Nycomed Imaging AS, P.O. Box 4220 Nydalen, N-0401 Oslo, Norway

Abstract:

This paper describes a selective process for tHé-alkylation of
substrates that contain 1,2-diol groups. The developed approach
utilises temporary protection of the diol groups by boric acid,
Borax, or metaborate. The introduction of the boron-containing
groups into the substrate may provide, in addition to affording
the intended protection of the hydroxyl groups that may
otherwise act as nucleophilic sites, the advantages of improved
solubility of the substrate in water that is used as solvent.
Moreover the N-alkylation and the deprotection of the diols
are performed in one pot, and the formation of undesired
O-alkylated by-products is significantly reduced. The paper
gives examples from the synthesis of several X-ray contrast
agents used in medical imaging diagnostics: iohexol (Ominipaque,
Nycomed Imaging); iopentol (Imagopaque, Nycomed Imaging);
iodixanol (Visipaque, Nycomed Imaging); ioversol (Optiray,
Mallinckrodt).

Introduction
Hydrophilic X-ray absorbing agents for examination of

rodt). The actual reaction step involved is Hralkylation
using a reagent of general formul&-RH,-X, where X is

the leaving group. Under these reaction conditions, compet-
ing O-alkylation reactions may also proceed since the side
chains of the substrafieand target molecule (TM) contain
both primary and secondary hydroxyl groups (see Scheme
1). The alkylation reaction may proceed on the primary
hydroxyl group according to reaction pat{s + (e) and

(b) + (g) resulting in the formation of the by-produét
Alkylation of the secondary hydroxyl groups may take place
following the routeqa) + (d) and (b) + (f) leading to the
by-product4. TheO-alkylated impuritiest and6, frequently
called“over-alkylated by-products”, often have properties
similar to those of TM2 and may thus cause severe
purification problems.

A major challenge in process R&D and synthetic proce-
dure industrialisation is optimising the process conditions
to obtain a high conversion, while maintaining the selectivity
of the desired reaction by suppression of possible side
reactions. This may be performed by fine-tuning the experi-
mental conditions? of the designed synthetic route and
optimising the properties of the reageftdowever, both of

the cardiovascular system constitute a major class of contrasty ase methods can also be combined with introduction of

agents in the field of medical imaging diagnostics. The

auxiliary or protecting groups, which may (1) suppress or

synthetic preparation of such compounds often requires lineary ;- the undesired reaction(s), (2) promote the desired

multistep syntheses where different side chains, such as

carboxylic acid, carboxamide, hydroxy, ether, and sugar

moieties, are successively introduced to the core substrate

containing the X-ray-absorbing moiety, the tri-iodinated
benzene. The motivation for the introduction of such
functionality is to modify the lipophilie-hydrophilic proper-

ties to achieve the desired and optimised pharmacokinetic

profile of the final drug product. Since more nucleophilic

reaction, and (3) improve solubility of the substrate and the
reagent.

In synthetic route discovery one attempts to avoid
applying synthetic transformations that require the use of
protective group® since this implies introduction of at least
two more reaction steps: application and removal of the
protecting groups. Furthermore, additional steps such as
solvent exchange and workup procedures may also be

sites are introduced into the X-ray-absorbing substrate as thegqjired. In organic process R&D it is therefore evident that
synthesis progresses the major challenge becomes promoting, o application of protective group methodologies is even

the desired alkylation reaction over competing side—reactions.|ess desirable. Exceptions can be found in cases where a

Such a situation occurs in several organic processes, leading,oncatenated process may be established when the protection,

to pharmaceuticql chemicals.u.sed as X-ray imaging (_jiag'the desired synthetic transformation, and the deprotection
nostics such as iohexol (Ominipaque, Nycomed Imaging), 5re performed in a one-pot procedure with cheap reagents
iopentol (Imagopaque, Nycomed Imaging), iodixanol (Vi- 545 simple workup.

sipaque, Nycomed Imaging), ioversol (Optiray, Mallinck-
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Scheme 1 Scheme 2
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7 U Bon R~ 8 Y Bsoy Boric acid, a weak monovalent aéidthat can be es-
HO HO terified to form alkoxy-borate complexe$2 or 13 (Scheme
2), was brought to our attention as a possible protecting
&) x ™ R? (m)| xR group for large-scale syntheses since (1) the hydroxyl groups
are easily transformed temporarily into boratesf many
R1\N’R\(\ R R1\N’R\(\ pres, (2)t.t£1|e co;';] of b;'JI’IC acid |Is low, (3)dth£e1 b.orﬁte elster
, @Bp T @Bp is compatible with water as solvent, an (4) it has low
Ho O "0 Hz) 11 07 "0 toxicity.
HO R? HO R2 The desiredN-alkylation reaction of substrate can be
0 (m) performed with an alkylation reagent of general formula
B(OH); + HO” ~R? R2-CH,-X. The reaction may be carried out with water as

10 solvent, which is advantageous for environmental as well
The present paper presents results from a case in whichas economical reasons. Moreover, with water as solvent the
the protecting group methodology was used to improve the free hydroxyl groups of the side chain of substratean
chemoselectivity of aiN-alkylation reaction for substrates easily be temporarily transformed into a borate ester
containing 1,2-diols in addition to thl-nucleophilic site.  following path (h) of Scheme 1. This may be very advan-
Besides the requirements for improvements in chemoselec-tageous for two reasons: (1) substrates of typeth poor
tivity, other parameters for a good process design were alsoaqueous solubility may become more soluble, and (2) the
required, including that the final process should be cheap hydroxyl groups will be protected from participating in
and of course “green enough” for large-scale production. undesiredD-alkylation reactions as shown in the roufa}
(c), (f), and(g) of Scheme 1. The synthetic route to target
Methods and Results molecule2 is thus composed of three synthetic steps: (1)
Several methods exist for the protection of hydroxylic protection of the dioll — 7, (2) alkylation of the borate
groups, for example, transformation into ethers, esters, andester7 giving theN-alkylated borate est&; and finally (3)
carbonates. Furthermore 1,2- and 1,3-diols can be protecte¢emoving the borate ester group under acidic hydrolytic
as cyclic ethers, for example, acetonides, or cyclic esters,yorkup conditions to obtain TN2. The complete reaction
for example, polystyrylboronic acid estéror phenyl—  sequencd — 7 — 8 — 2 can thus be performed in a one-
boranates, although the later are unstable in water and pot process. Schemes 3 and 4 follow this reaction path and
alcohols® Moreover, boronic acid residugsave already been  show the reaction schemes for the synthesis of iohexol,
used for protection of diols. Methylation of ribonucleosides jodixanol, iopentol, and ioversol all of which are used as
by trimethyl phosphate or dimethyl sulphate was performed x_ray imaging diagnostic agents. The alkylation reagent

have esterified boric acid with 1,2-propanediol, 3-amino-

1,2-propanediol, and 3-(dimethylamino)-1,2-propanediol. (9) Hisagana, Y.; Tanabe, T.; Yamauchi Bull. Chem. Soc. Jpri981,54,
1569—-1570.

(6) Fréchet, J. M. J.; Nuyens, L. J.; SeymourJEAM. Chem. S0d.979,101, (10) Oi, T.; Takeda, T.; Kakihana, HBull. Chem. Soc. Jpr1992,65, 1903—
432—-436. 1909.

(7) Greene, T. WProtective Groups in Organic SynthesWiley: New York, (11) Kolditz, L., Ed.;Anorganikum13th ed. Barth Verlagsgesellschaft: Berlin,
1981; p 86. 1993; p 541.

(8) McOmie, J. F.Protective Groups in Organic Chemistry; Plenum Press: (12) Greene, T. WProtective Groups in Organic Syntheswiley: New York,
New York, 1973; p 135. 1981; p 70.
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in anO-alkylation side reaction at the boron-bound hydroxyl ester9 decomposes to the starting matedalwhich can be
groups following pathK) with formation of the borate ester recycled, boric acid, and hydrolysed alkylation agedtThe
9. Under the acidic hydrolytic workup conditions, the borate reaction sequencé— 9 — 1 shows how valuable starting
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material can be recovered froover-alkylated by-products
and thus contribute to improving the selectivity of the
process. Anothe®-alkylation side reaction may also take
place at the boron-bound hydroxyl groups of Mwalkylated
borate esteB with formation of the borate estérl. Under
the slightly acidic hydrolytic workup conditions, the borate
esterllis cleaved to the target produ2t boric acid, and
the hydrolysed form of the alkylation agetd. The reaction
sequenc® — 11— 2 shows how the valuable target product
2 can be obtained fronover-alkylated by-produst N-
alkylation of the borate est& following path @) will also
give the desired produ, hydrolysed reager0, and boric
acid. As a result of this concatenated synthetic routeé\tia:
alkylation ratio can be improved considerably compared with
the corresponding reaction with the unprotected substrate
following path(b) of Scheme 1.

Stability of the Alkylation Reagent. Another problem

1B and*C NMR spectroscopy. Borate esters of vicinal diols,
such asl2 or 13, were observed at pH 7 (see Scheme 2).
The pH-dependent stability of esters of boric acid and borate
has been formulated in a general rule of thuthtesters of
boric acid and borate with dihydroxy compounds in aqueous
medium show the highest stability at that pH where the sum
of the charges of the free esterifying species is equal to the
charge of the ester”.

Thus, to ensure that the proposed protection steps of the
process of Scheme 1 occt{,N'-bis-(2,3-dihydroxypropyl)-
5-(2-hydroxy-acetylamino)-2,4,6-triiodo-isophthalamit&
(Scheme 4) was reacted with boric acid in basic media, the
product was isolated, and thd-, 13C-, andB NMR spectra
were measured in ®/NaOD/boric acid solution.

At pH 13 and with a ratid.6:boric acid= 1:3 (mol:mol)
it was found that the hydroxyacetyl moiety did not react with
boric acid to form the estet7. However, 72% of substrate

to be overcome in the current process development is thel6reacted with boric acid and formed mainly the diprotected

hydrolytic degradation of the alkylation reagerf: GH,-X.
In aqueous basic media a competing basic hydrd§sis
the reagent (the electrophile E) can take place. King &t al.

compound 18 (94%) and a side product (6%) of the
compound typel3. The protection again€-alkylation in
18is valid only for the diol groups. The last step of Scheme

have studied such reactions and derived a general model, edt shows how ioversét [N,N'-bis-(2,3-dihydroxy-propyl)-5-

1, that describes the pkk as the pH that gives the highest
yield of the product (P) of the reaction of a nucleophile (Nu)
with a hydrolysable electrophile (E) in water:

1 Ky
pHmax_ E [log(g) + pr + pHa] (1)

The parameterk,, andkon of eq 1 refer to the water- and
hydroxide-promoted hydrolysis of K,, is the autoprotolysis
constant of water anll, is the acid dissociation constant of
NuH*, the conjugate acid of Nu. pk thus depends on a
property of E (namelk./kor)*> and a property of Nu (the
pK, of NuH™), but not on the rate constant for the reaction
of E with Nu or the concentration of Nu. Several stuéfie®
have been reported using this model for both alkylation and

acylation in water. The current process development takes

account of this aspect in the design of the procedures for
the N-alkylation of the boric acid esteis

Formation and Stability of the Boric Acid Ester: The
Protected Substrate.Many studies of borates have been
reported including those investigating structure and sta®ility
as a function of pH? Borate estef8 of carbohydrates and

related compounds in agueous media have been studied b¥v

(13) Robertson, R. EProg. Phys. Org. Chenil967,4, 213—280.

(14) King, J. F.; Rathore, R.; Lam, J. Y. L.; Guo, Z. R.; Klassen, DJ.FAm.
Chem So0c1992,114, 3028—3033.

(15) Ross, W. C. JTrans. Faraday Socl950, 2257—2263.

(16) King, J. F.; Guo, Z. R.; Klassen, D. B. Org. Chem.1994,59, 1095—
1101.

(17) Konecny, JHelv. Chim. Actal966,49, 1743—1748.

(18) Lubineau, A.; Auge, J.; Queneau, Synthesisl994, 741—760.

(19) Li, C.-Y. Chem. Re»1993,93, 2023—2035.

(20) Blokzijl, W.; Engberts, J. B. F. NAngew. Chem., Int. Ed. Endl993,32,
1545-1579.

(21) van Haveren, J.; van den Burg, M. H. B.; Peters, J. A.; Batelaan, J. G.;
Kieboom, A. P. G.; van Bekkum, H.. Chem. Soc., Perkin Trank991,2,
321-327.

(22) van Haveren, J.; Peters, J. A.; Batelaan, J. G.; Kieboom, A. P. G.; van
Bekkum, H.Recl. Trav. Chim. Pays-Bak989,108, 179—184.

(23) van Duin, M.; Peters, J. A.; Kieboom, A. P. G.; van BekkumTktrahedron
1985,41, 3411—3421.

[(2-hydroxy-acetyl)(2-hydroxy-ethyl)-amino]-2,4,6-triiodo-
isophthalamide] is formed when the boric acid-protected
substratel8 is reacted with 2-chloro-ethanol.

The Different Elements Put Together To Give a New
Selective Alkylation ProcessThe base is dissolved in water.
Then the substraté (1 equiv) is dissolved in this water
solution and the boric acid then added. The optimal quantity
(equiv) of boric acid (BA) to be added depends on the
number of 1,2-diol group$\gio, present in the substrate. The
quantity is given by eq 2

BA = Nyi1 X fgiol 2
The factorfgio) has been determined to be in the range-0.5
2, wherefgo > 1 signifies a requirement for more boric acid
equivalents than the number of diol groufagi < 1 signifies

a requirements for fewer boric acid equivalents than diol
groups, and finallyfsio = 1 indicates an equimolar number
of diol groups and boric acid.

The quantity of base OH (equiv) that should be used to
adjust the optimum pH as described above is linked to (1)
the quantity of boric acid, (2) the nature of the starting
material, and (3) the alkylation reagent. For this purpose,
e have derived the model given in eq 3, which can be used
to estimate the quantity (equiv) of base OH:

OH=(BA + Ny_,) xf+r 3)
where BA = quantity of boric acid as described in eq 2
above;Nn-n = number of acidic N—H in the substrateis

a correction factor for the quantity of base, it is preferably
f =1, but may vary in the intervdl= 0—2;r is a reagent
indicator variable, where= 0 for epoxides or alkyl halides,

r = 1 for halohydrins or for dialkyl sulphate alkylation

(24) van Duin, M.; Peters, J. A.; Kieboom, A. P. G.; van BekkumT etrahedron
1984,40, 2901—-2911.
(25) Baily, A. R. et al. (Mallinckrodt Medical Inc.). U.S. Patent 5,489,708, 1996;
Dunn, T. J. et al. U.S. Patent 5,648,536, 1997.
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reagents, and finally = 2 is used when base excess appears purchased from commercial sources and used without further
to give advantages. purification. All of the reaction products were known and
The water volume is adjusted to a minimum, but a were analysed by HPLC and by comparison with authentic
sufficient volume, 0.3-5 L/kg of substratd, should be used  samples that were either isolated from commercial products
to achieve a reaction mixture with a suitable viscosity. The or from in-house production (Nycomed).
mixing temperature is 20—50C, with a mixing time of HPLC Analytical Methods.?¢ The HPLC analyses were
3—24 h, depending on the selected mixing temperature. Theperformed on an HPLC instrument equipped with a RP-18
pH is monitored and if necessary adjusted to the desired valueSpheri-5 column (4.6« 250 mm) from Brownlee Labs. The
by addition of more base or boric acid. The optimal pH range column was operated at room temperature. The detector was
depends on thel, of the nucleophile and hydrolytic rates UV 1 = 254 nm. The sample injection volume was 10 or
of the alkylation reagent. The reaction temperature is adjusted20 uL. The eluent system was composed of two different
in the range of 4660 °C. The quantity (equiv) of alkylation  solvents A (a mixture of 50% water and 50% acetonitrile)

reagent is given by eq 4 and B (100% water). The eluent flow was 1 mL minThe
eluent program was: equilibration for 15 min A:B 6:94,
AR = (Nag) *+h 4) linear gradient starting at tinre 0 min A:B = 6:94 to time
_ _ = 29 min A:B = 20:80, followed by a concave gradient
where the alkylation reagent variadigr = 1 for mono- ¢ started at time= 30 min with A:B = 20:80 that ended

alkylating reagents anllar = 2 for bis-alkylating reagents. 4t time= 69 min with A:B = 100:0.
The additive factoh is included to compensate for partial Sampling and Sample PreparationA sample of 5QuL

hydrolysis of the alkylation reagent, and for economic \yaq withdrawn from the reaction mixture and diluted in a

reasons this factor should be kept as small as possible. The;g,tion of concentrated HCI (54L) in water (14 mL). The
alkylation reagent may be added in portions or continuously. yrepared sample was injected (10 or2Q on HPLC (RP-
The pH has to be continuously monitored and stabilized 18).

within the optimal pH range by addition of small amounts lodixanol. Substrate14 (100 g) was dissolved in a

of base or boric acid. The reaction time depends on the gy |ution of KOH (3.0 equiv, 22.53 g) in water (0.9 vol/wt
reaction temperature and is typically-34 h. For working- 14, 90 mL). Boric acid (2.0 equiv, 16.55 g) was added, and
up the reaction mixture, hydrochloric acid is added until pH e solution was stirred for 48 h at FC. Starting pH=

< 5, whereby the boric acid precipitates. The suspension is15 g3 Epichlorohydrin (0.57 equiv, 7.046 g) was added to
cooled to a temperature of'C and kept at that temperature  {he stirred solution at 10C. The reaction mixture was
for 1—3 h. The reaction mixture is then filtered while being  gtiired at 1¢C. and the pH was stabilized in the range 12.6—

kept cold. Reverse osmosis or ion exchange is used to remove 3. Samples were taken at 24 and 48 h and analysed by
the salts. The solution is evaporated to dryness in a vacuumyp c.

and gives the crude product. Substratel 4 (1 equiv, 100 g) was dissolved in a solution

of Borax (K:B4O7+4H,0) (2.0 boron-equiv, 20.45 g) in water

Conclusions , (1.0 voliwt 14, 100 mL). KOH (2.0 equiv, 15.02 g) was
Using the synthetic strategy of Scheme 1 and by taking aqded, and the solution was stirred for 48 h at@0Starting

account of knowledge concerning the optimised pH adjust- .y — 12 86, Epichlorohydrin (0.55 equiv, 6.80 g) was added
ments for different alkylating reagents and the stability of i, ihe stirred solution at 16C. The reaction mixture was

the boronic acid esters, we have developed a general organigiirred at 10°C. and the pH was stabilized in the range
process with an improved chemoselectivity for tealky- 12.6-13 by addition of small amounts of boric acid or

lation of polyhydroxy-containing substrates. Several X-ray xon. Samples were taken at 24 and 48 h and analysed by
contrast agents used for medicinal imaging diagnostics wereyp| c.

synthesised using both the new process involving the protec- g pstratel 4 (1 equiv, 100 g) was dissolved in a solution
tion of the diol groups and without the protecting steps to ¢ potassium metaborate (KBCH,0) (2.0 boron-equiv,
allow a compariso_n to be made. Table 1_shows the results.og 75 g) in water (1.0 voliwi4, 100 mL). KOH (1.0 equiv,
When the protection strategy was used in the processes 107 57 g or less) was added to the stirred solution until the pH
iohexol, iodixanol, iopentol and, ioversol (see Schemes 3 55 stapilized in the range 12-63. The solution was stirred
and 4), theN/O-alkylation ratios were substantially improved 5 48 h at 10°C. Starting pH= 12.71. Epichlorohydrin
concomitant with a considerably increased yield of target (0.55 equiv, 6.80 g) was added to the stirred solution at 10
molecule. °C. The reaction mixture was stirred at 10, and the pH
was stabilized in the range 12:63 by addition of small

Experimental Section _ _ _ amounts of boric acid or KOH. Samples were taken at 24
Materials. The starting material 5-acetylamitgN'-bis- and 48 h and analysed by HPLC.

(2,3-dihydroxy-propyl)-2,4,6-triiodo-isophthalamidé was Reference Experiment without Boric Acid. Substrate
supplied by Nycomed Lindesnes Fabrikker (Norway)N'- 14 (1 equiv, 100 g) was dissolved in a solution of sodium
Bis-(2,3-dihydroxy-propyl)-5-(2-hydroxy-acetylamino)-2,4,6-  pyqroxide (1.2 equiv, 6.43 g) in water (3.0 volAdg, 300
triiodo-isophthalamidé.6 was prepared from 5-acetylamino- |y The solution was stirred 24 h at 26. Epichlorohydrin
N,N'-bis-(2,3-dihydroxy-propyl)-2,4,6-triiodo-isophthal-
amide 14 and acetoxyacetyl chloridé. Reagents were  (26)Pharmacopoeial Forum VoR00O,26, 596—604.
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Table 1. Experimental results with and without the boric protection group

Experimental conditions?® Responses”

Target Molecule R KOH PG [;] ™ S O B
eqv. eqv. eqv.

EPl ., A 24 803 69 51 75

" \/OKH/H . 0.57 20 48 834 25 52 89

EPI B 24 806 89 44 6.1

on ! ' 055 20 30 48 834 47 48 7.

Ho NO CY N, EPL L, € 24 798 87 47 68

o, 0.55 20 48 833 38 51 78

lodixanol (')E:c') 129 N 24 491 251 167 9.1

CPD A 24 783 192 25 -

on 110 *° 25 48 868 105 26 -

HO_A_N._0 GCD A 24 727238 35 -

oH H)‘;(E[' 103 % 25 48 786169 44 -

HOALN Ny oH  CPD 24 655231 95 -

O 1A o 110 29 N g 671176141

lohexol GCD 24 553 253 185 -

103 0 N g s42080 154

GME A 24 831 110 58 -

103 3% 575 48 853 78 62 -

CMP A 24 712266 21 -

on 103 4% 30 48 822152 25 -

Ho A0 GME 24 670 227 94 -

on Hml:éf 103 %% N 4 679203109 -

”OWNO Nﬂoﬂo/CHs GME | 24 570265150 -

"o H 1.03 48 56.0 20.3 16.1 -

lopentol CMP 24 761 193 42 _

103 " N 4g 817119 61 -

CMP 24 650 20.0 160 -

108 20 N 4s 640200160 -

oH 1 CLE A 24 678 12.8 194 —

HOVVIN Ol 105 >° 35 48 675 11.1 214 -

HO\)O:/E Nj\/OH CLE ., | 24 92240374 -

T e 1.05 48 376 232 392 -

loversol

aR = alkylating reagent (equivalents), ERlepichlorohydrin, CPB= 3-chloro-1,2-propanediol, GCB glycidol, GME = glycidyl methyl ether, CMP= 3-chloro-
1-methoxy-2-propanol, CLE= 2-chloro-ethanolPG (eqv) = type protection reagent (equivalents),= B(OH);, B = K,B407:4H,0, C = KBO2*H,0, N = no
protection,t [h] = reaction time (h)? HPLC measurements diM = target moleculeS = substrate® = O-alkylated by-products3 = iohexol as by-product In
this experiment was NaOH used as base.

(0.5 equiv, 6.181 g) was added to the stirred solution at 25 amounts of boric acid (totally 0.14 equiv, 1.17 g). Samples
°C, and stirring continued. Samples were taken at 24 andwere taken at 24 and 48 h and analysed by HPLC.
48 h and analysed by HPLC. Substratel4 (100 g) was dissolved in a solution of KOH
lohexol. Substratel4 (1 equiv, 100 g) was dissolved in (3.5 equiv, 26.29 g) in water (1.0 voligg, 100 mL). Boric
a solution of KOH (4.5 equiv, 33.8 g) in water (1.0 volwt = 504 (2.5 equiv, 20.69 g) was added, and the solution was
;ﬁd %y?g sr,glLu)t-ioiou(;:gt?rrgdio?qrévk’] 2?168 %)ta\ll;lt?r?gasged’ stirred for 48 h at 10C. Starting pH~ 12.4. Glycidol (1.03
' equiv, 10.21 g) was added to the stirred solution af@0

> 14. 3-Chloro-1,2-propanediol (1.10 equiv, 16.28 g) was . g . .
added to the stirred solution at 2Q. The reaction mixture The reaction mixture was stirred at 10, and the pH drifted

was stirred at 106C, and the pH dropped below 13. The pH towards 13. The pH was then stabilized in the range12.6
was then stabilized in the range 1283 by adding small 13 by adding small amounts of boric acid (totally 0.34 equiv,
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2.86 g). Samples were taken at 24 and 48 h and analysed bymethyl ether (1.03 equiv, 1.21 g) was added to the stirred
HPLC. solution at 20°C. Samples were taken at 24 and 48 h and
Reference Experiments without Boric Acid.Substrate  analysed by HPLC.
14(10 g) was dissolved in a solution of KOH (2 equiv, 1.50  Substratel4 (10 g) was dissolved in a solution of KOH
g) in water (1.0 vol/wtl4, 10 mL). 3-Chloro-1,2-propanediol (1.5 equiv, 1.13 g) in water (1.0 volAf#, 10 mL). 3-Chloro-
(1.10 equiv, 1.63 g) was added to the stirred solution at 10 1-methoxy-2-propanol (1.03 equiv, 1.72 g) was added to the
°C. The reaction mixture was stirred at 30. Samples were  stjrred solution at 20C. Samples were taken at 24 and 48
taken at 24 and 48 h and analysed by HPLC. h and analysed by HPLC.

Substratel4 (10 g) was dissolved in a solution of KOH Substratel4 (10 g) was dissolved in a solution of KOH
(1 equiv, 0.75 g) in water (1('1%"3'/"“ f}4101 10dmL)I. Glycidol 5 g equiv, 1.50 g) in water (1.0 volAg#, 10 mL). 3-Chloro-
(1.03 equiv, 1.02 g) was added to the stirred solution at 10 1-methoxy-2-propanol (1.03 equiv, 1.72 g) was added to the

C. The reaction mixture was stirred at 0. Samples were stired solution at 20C. Samples were taken at 24 and 48
taken at 24 and 48 h and analysed by HPLC.
h and analysed by HPLC.

of :fopanzglIZ?SUebcT:Jri?/tééi(Alfgog?)ir\:v \?vsa?e;fs(il\(l)e\c/jollr;\;msoi%t(l)on loversol. Substratel 6 (7.0 g) was dissolved in a solution
o o : ' f KOH (5.5 equiv, 2.83 g) in water (1.0 vol/lt6, 7 mL).
L). B d (2.75 . 22.76 dded, and the &' "2 { : .
mL). Boric acid ( equ g) was added, and the Boric acid (3.5 equiv, 1.99 g) was added, and the solution

solution was stirred for 48 h at 2. Starting pH~ 11.7. i ,
Glycidyl methyl ether (1.03 equiv, 12.15 g) was added to was stirred 48 h at 2€C. 2-Chloro-ethanol (1.05 equiv, 0.78

the stired solution at 20C. During the course of the 9> 0-644 mL) was added to the stirred solution at°20
reaction, the pH of the reaction mixture increased but not S@Mpling was performed at 24 and 48 h, and the samples
above 13. Samples were taken at 24 and 48 h and analysed/ere analysed on HPLC.
by HPLC. Reference Experiment without Boric Acid. Substrate
Substratel4 (100 g) was dissolved in a solution of KOH 16 (7.0 g) was dissolved in a solution of KOH (2 equiv,
(4.0 equiv, 30.04 g) in water (1.0 vol/i#, 100 mL). Boric ~ 1.03 g) in water (1.0 vol/wtl6, 7 mL). 2-Chloro-ethanol
acid (3.0 equiv, 24.83 g) was added, and the solution was(1.05 equiv, 0.78 g, 0.644 mL) was added to the stirred
stirred for 48 h at 20°C. Starting pH~12.4. 3-Chloro-1-  solution at 20°C. Samples were taken at 24 and 48 h and
methoxy-2-propanol (1.03 equiv, 17.17 g) was added to the analysed by HPLC.
stirred solution at 20C. During the course of the reaction,
the pH of the reaction mixture decreased, but never be|°WAcknowIedgment
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