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Large degree of racemization observed in the amide bond forming
reaction on silica gel
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Abstract

A systematic study of racemization from the coupling of DNB-L-Leu and 3-aminopropyl silica gel with several amide
coupling reagents was investigated. Significant amounts of racemization were observed from all except one coupling reagent.
In comparison, similar reactions completed in homogeneous solution can be accomplished with much lower racemization
and in much higher yields.  2000 Elsevier Science B.V. All rights reserved.

Keywords: Racemization; Chiral stationary phases, LC; Enantiomer separation; Amides

1. Introduction the yield and possible racemization in this coupling
reaction with various amide coupling reagents sys-

One of the popular methods to immobilize station- tematically. In this paper, we would like to report the
ary phases onto silica gel involves amide bond large degree of racemization observed in this amide
formation (for some examples, see Ref. [1]). In this bond forming reaction on silica gel.
approach, stationary phases derivatized with a free It should be pointed out that studies regarding the
carboxylic acid group are coupled to silica gel coupling yields may have been performed previous-
derivatized with an amino group, typically 3-amino- ly. However, no such studies have been published to
propylsilica gel, by means of a proper coupling the best of our knowledge. The racemization in these
reagent. The advantage of this method is that station- peptide coupling reactions may have also been
ary phases with a free carboxylic acid group, as well investigated indirectly. However, the reliable de-
as silica gel derivatized with an amino group, are termination of the degree of racemization on silica
stable and often easily prepared. Problems often gel was not possible prior to our oxidative cleavage
encountered with this immobilization method, how- method which was published recently [2,3].
ever, include relatively low coupling yields and
possible racemization in the case of chiral stationary
phases. Since this reaction is commonly used in 2. Experimental
stationary phase preparations, we decided to study

2.1. General supplies and equipment
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all other chemicals, and solvents were purchased (TFA)–CH Cl , MeOH, and CH Cl until residual2 2 2 2

from either Aldrich, Fluka, or Fisher Scientific unless DNB-L-Leu was no longer present by TLC. The
otherwise noted. HPLC-grade Allsphere silica gel surface coverage of the resulting stationary phases

˚(particle size 5 mm, pore size 80 A, and surface area were determined by elemental analysis as described
2220 m /g) was purchased from Alltech (Deerfield, previously [2,3].

IL, USA). Selecto silica gel (32–63 mm) from Fisher Amounts of coupling reagents relative to the
Scientific was used for flash column chromatograph- amount of 3-aminopropyl group on silica gel: DIC–
ic purification of target compounds. Thin-layer chro- HOBt: DIC 2.4 equiv., HOBt 2.4 equiv.; DIC–
matography (TLC) was completed using EM silica HOAt: DIC, 2.4 equiv., HOAt 2.4 equiv.; DPPA:
gel 60 F-254 TLC plates (0.25 mm). A S-N1N- DPPA 2.4 equiv., NMM, 3.0 equiv.; EEDQ: EEDQ
Naphthylleucine column was purchased from Regis 2.4 equiv.; FDPP: FDPP 2.4 equiv., NMM 3.0
Technologies (Morton Grove, IL, USA). Elemental equiv.; HATU: HATU 2.4 equiv., NMM 3.0 equiv.;
analyses were conducted by Atlantic Microlab, Nor- PyBop: PyBop 2.4 equiv., NMM 3.0 equiv.

1cross, GA, USA. H nuclear magnetic resonance
(NMR) spectra were recorded with a Bruker 300
MHz instrument. HPLC analyses were carried out on 2.4. Synthesis of DNB-Leu-NH(CH ) Si(OEt) (3)2 3 3

a Beckman analytical gradient system (System using different coupling reagents
Gold).

To a mixture of 3-aminopropyltriethoxysilane
2.2. Reagent abbreviations (0.010 mmol) and DNB-L-Leu (6.5 mg, 0.020 mmol)

in DMF–CH Cl (1:9, 0.1 ml) were added the2 2

NMM: N -methylmorpholine; PyBop: benzo- corresponding coupling reagents in DMF–CH Cl2 2

triazolyloxy- tris[pyrrolidino] -phosphonium hexa- (1:9, 0.2 ml). The resulting solution was stirred at
1fluorophosphate; Fmoc: 9-fluorenylmethoxycarbonyl; room temperature for 2 h . After that, solvents were

DIC: diisopropylcarbodiimide; HOAt: 1-hydroxy- removed in vacuo and the desired product 3 was
7-azabenzotriazole; HOBt: 1-hydroxybenzotriazole; isolated from the resulting residue by preparative
DPPA: diphenylphosphoryl azide; EEDQ: 2-ethoxy- TLC [mobile phase: EtOAc–CH Cl (1:3), R 52 2 F

1-ethoxycarbonyl -1,2-dihydroquinoline; FDPP: 0.68]. The enantiomeric purity of all resulting prod-
Pentafluorophenyl diphenylphosphinate; HATU: O- ucts was determined by the method described below

1(7 - azabenzotriazol - 1 - yl) - N, N, N9, N9 - tetramethyl- (see Section 2.7). H NMR (CDCl ) of 3 as de-3

uronium hexafluorophosphate; DNB: 3,5-dinitro- termined from the product isolated from EEDQ
benzoyl. coupling: d 0.65 (t, J58.0 Hz, 2H), 0.95 (d, J54.9

Hz, 6H), 1.15–1.30 (m, 9H), 1.6–1.8 (m, 5H), 3.3
2.3. Synthesis of DNB-Leu-silica gel (2) using (m, 2H), 3.8 (q, J56.9 Hz, 6H), 4.65 (m, 1 H), 6.45
different coupling reagents (m, 1H), 8.10 (m, 1H), 8.95 (d, J52.0 Hz, 2H), 9.15

(t, J52.0 Hz, 1H).
Aminopropyl silica gel (prepared according to Amounts of coupling reagents relative to the

Pirkle et al. [4]) (100 mg) and DNB-L-Leu (2.0 amount of 3-aminopropyltriethoxysilane: DIC–HOBt:
equiv. to the aminopropyl group on silica gel) were DIC 2.4 equiv., HOBt 2.4 equiv.; DIC–HOAt: DIC,
combined in a 1-dram screwcap vial. In a second 2.4 equiv., HOAt 2.4 equiv.; DPPA: DPPA 2.4
1-dram vial, coupling reagents and base (as needed) equiv., NMM, 3.0 equiv.; EEDQ: EEDQ 2.4 equiv.;
were combined and dissolved in dimethyl formate FDPP: FDPP 2.4 equiv., NMM 3.0 equiv.; HATU:
(DMF)–CH Cl (1:9, 0.5 ml) with sonication for 5 HATU 2.4 equiv., NMM 3.0 equiv.; PyBop: PyBop2 2

min. This mixture was transferred by Pasteur pipette 2.4 equiv., NMM 3.0 equiv.
to the vial containing the other reactants. The
resulting reaction mixture was stirred at room tem- 1With longer reaction time (12 h), the enantiomeric purity
perature for 10 h. The product was then vacuum- stayed the same. However, the isolated amounts of product were
filtered and washed with 10% trifluoroacetic acid lower.
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2.5. Synthesis of DNB-Leu-NHCH CH CH (4) column mentioned above [mobile phase: 2-propanol–2 2 3

using different coupling reagents CH Cl (60:40)]. The enantiomeric purity of 5 was2 2

determined by HPLC using the same column with a
To a mixture of n-propylamine (0.010 mmol) and different mobile phase [mobile phase: CH OH–3

DNB-L-Leu (6.5 mg, 0.020 mmol) in DMF–CH Cl CH Cl (85:15)]. The enantiomeric excess of the2 2 2 2

(1:9, 0.1 ml), were added the corresponding coupling starting material DNB-L-Leu was determined to be
reagents in DMF–CH Cl (1:9, 0.2 ml). The re- 96% (mobile phase: 85% isopropanol (IPA) in2 2

sulting solution was stirred at room temperature for CH Cl ) following a similar procedure.2 2

10 h. After that, solvents were removed in vacuo and
the desired product 4 was isolated from the resulting
residue by preparative TLC [mobile phase: EtOAc– 3. Results and discussion
CH Cl (1:3), R 50.85]. The yields and enantio-2 2 F

meric purity of the resulting products were deter- The system we chose to study was the coupling
mined by the methods described below (Sections 2.6 reaction between dinitrobenzoylleucine (DNB-L-Leu)

1and 2.7). H NMR (CDCl ) of 4 as determined from and 3-aminpropyl silica gel (Scheme 1), a reaction3

the product isolated from EEDQ coupling: d 0.90– originally used by Pirkle and Welch to prepare the
1.00 (m, 9H), 1.55 (m, 2H), d 1.6–1.9 (m, 3H), 3.13 chiral leucine column [5]. In our studies, seven
(m, 1H), 3.32 (m, 1H), 4.72 (m, 1H), 6.61 (t, J55.6 amide coupling reagents were investigated (see Sec-
Hz, 2H), 8.83 (d, J58.0 Hz, 1H), 8.96 (d, J52.0 Hz, tion 2.2 for coupling reagent abbreviations). Some of
2H), 9.08 (t, J52.0 Hz, 1H). them are well known in stationary phase preparation,

Amounts of coupling reagents relative to the while others are relatively new developments in
amount of n-propylamine: DIC–HOBt: DIC 2.4 peptide synthesis. Among these amide coupling
equiv., HOBt 2.4 equiv.; DIC–HOAt: DIC, 2.4 reagents, EEDQ was the reagent used by Pirkle for
equiv., HOAt 2.4 equiv.; DPPA: DPPA 2.4 equiv., the preparation of the chiral leucine column. DIC [6]
NMM, 3.0 equiv.; EEDQ: EEDQ 2.4 equiv.; FDPP: is similar to DCC in chemical structure and reactivi-
FDPP 2.4 equiv., NMM 3.0 equiv.; HATU: HATU ty, but is easier to handle. HOBt is a standard
2.4 equiv., NMM 3.0 equiv.; PyBop: PyBop 2.4 additive used to minimize racemization in amide
equiv., NMM 3.0 equiv. coupling reactions [6], while HOAt is reportedly an

more effective additive for the same purpose [7].
2.6. Quantification of amide 4 by high- Both HOBt and HOAt are often used in association
performance liquid chromatography (HPLC) with DCC or DIC coupling reagent. Another useful

amide coupling reagent, DPPA, was initially de-
The amount of amide 4 generated from the

coupling reaction of n-propylamine and DNB-L-Leu
was determined by HPLC equipped with a UV
detector using an S-N1N-Naphthylleucine column
[mobile phase: 2-propanol–CH Cl (60:40)]. The2 2

calibration was obtained by using the pure amide 4
synthesized with EEDQ coupling. The amount of
amide 4 produced in a particular experiment was
calculated based on the total peak areas of both the R
and S forms of amide 4.

2.7. Enantiomeric purity determination of 3, 4, and
5 (see Scheme 3 for compound 5)

The enantiomeric purity of 3 and 4 was deter-
mined by HPLC using the S-N1N-Naphthylleucine Scheme 1. Amide bond forming reaction on silica gel.
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Table 1veloped by Shioiri for the Curtius reaction [8], while
Racemization observed in the coupling of 1 withFDPP is a phosphinate based reagent, reportedly aNH (CH ) Si(OEt) , NH (CH ) CH , and aminopropylsilica gel2 2 3 3 2 2 2 3capable of effecting racemization-free amide cou-
Coupling reagent Base D-Content (%)pling [9]. PyBop, a phosphonium salt, is a relatively

new peptide coupling reagent capable of effecting a 2 (yield) 3 4 (yield)

rapid amide bond forming reaction [10], and HATU, DIC–HOAt None 33 (53%) 4.2 6.2 (82%)
a uronium salt, is another relatively new coupling DIC–HOBt None 30 (55%) 11 12 (100%)

DPPA NMM 34 (22%) 6.4 16 (78%)reagent also capable of fast amide bond formation
EEDQ None 3.7 (47%) 2.2 3.6 (88%)[7]. Both HATU and PyBop are becoming increas-
FDPP NMM 40 (10%) 11 18 (76%)ingly popular in solid-phase peptide synthesis, as
HATU NMM 30 (45%) 5.0 3.4 (98%)

they can effect quick amide formation with little to PyBop NMM 40 (57%) 14 14 (100%)
no racemization. PyBop and HATU are very attrac- a Starting material (1) contains about 2% D-enantiomer. Cou-
tive candidates for amide bond forming reactions on pling yields are in parentheses.
silica gel due to their proven efficiency in solid-
phase peptide synthesis.

These coupling reactions are usually carried out literature reports (Table 1). For example, DIC–
either at room temperature or at 08C. DMF, CH Cl , HOAt, EEDQ and HATU could all effect the cou-2 2

or a mixture of DMF–CH Cl are often the solvents pling of DNB-L-Leu with 3-aminopropyltriethoxy-2 2

of choice in these coupling reactions. Although for a silane without inducing a significant amount of
specific coupling reaction (specific reagent and reac- racemization, while DIC–HOBt and DPPA intro-
tants), an optimal coupling solvent and temperature duced more racemization. Somewhat surprising is
may exist. In our experience, the reaction outcome is that fact that FDPP and PyBop also introduced
usually not strongly dependant on the reaction noticeable amounts of racemization.
temperature (08C versus room temperature) or the Unfortunately, the coupling yields could not be
choice of solvents (DMF versus mixture of DMF– determined reliably in this case due to product
CH Cl ). Moreover, in order to compare the cou- instability. However, the coupling between DNB-L-2 2

pling efficiency of various coupling reagents, it is Leu and n-propylamine (Scheme 2), in which the
advantageous to keep the reaction conditions as close expected product is stable, yielded the corresponding
to each other as possible. Therefore, all the coupling amide 4 in excellent yields with most of these
reactions reported in this article were performed at coupling reagents. Moreover, similar degrees of
room temperature using a mixture of DMF–CH Cl racemization were obtained for this coupling reaction2 2

(1:9) as the solvent. when compared with the coupling reaction involving
For control experiments, we studied the coupling 3-aminopropyltriethoxysilane. Therefore, from the

between DNB-L-Leu and 3-aminopropyltriethoxysil- solution data, HATU, EEDQ and DIC–HOAt all
ane, a good model for 3-aminopropylsilica gel appear to be excellent amide bond forming reagents,
(Scheme 2). The product was isolated by normal- capable of effecting coupling reactions in high yield
phase TLC and its enantiomeric purity was analyzed and with low racemization.
by chiral HPLC using the S-N1N-Naphthylleucine On silica gel, however, the results are very
column. The results obtained for this solution cou- different. First, none of the coupling reagents could
pling follow expectations as inferred from various provide high coupling yields. More importantly,

significant amounts of racemization (the maximum
D-content is 50%!) were observed with all except one
coupling reagent (EEDQ). Interestingly, EEDQ was
the reagent used by Pirkle for the preparation of
chiral leucine and other stationary phases on silica
gel [5].

The yields reported in Table 1 for coupling
Scheme 2. Amide bond formation in homogeneous solution. reactions on silica gel were determined by elemental
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with the amine, leading to their corresponding
amides as the final products (paths D and E).

According to this mechanism, the extent of
racemization in the product is determined by the
relative rates of five reaction steps (A, B, C, D, E). If
the reaction of the amine with the azlactone or the
initially formed activated intermediate is fast (steps
A and D) relative to steps B and C, low racemizationScheme 3. Oxidative cleavage of carbon–silica bond to determine
is expected. If steps B and C are fast relative to stepsthe enantiomeric purity of chiral leucine stationary phases.

A and D, a large degree of racemization will result.
Applying this analysis to our system, steps B and

analysis, while enantiomeric purity of the stationary C should have similar reaction rates in both solution
phases on silica gel was determined by the oxidative and on silica gel, as they both are determined by the
cleavage method reported previously (Scheme 3) [2]. structure of the acid 1 and the coupling reagents

The significant amount of racemization observed common to both conditions. Steps A, D, and E,
in the amide coupling reactions on silica gel is however, can show different reaction rates. It is
unexpected, considering that the same amount of likely that when the amino group is attached to a
racemization was not observed in solution. The solid support, its reaction with another compound
mechanisms for racemization in amide bond forma- could be impeded. Consequently, steps A and D
tion in peptides are well studied, and the most likely become relatively slower and thus more racemization
racemization path is through the formation of an would be observed when the coupling reaction is
azlactone (Scheme 4) [11]. Once an amino acid is performed on silica gel. The fact that no significant
activated by a coupling reagent, two reaction paths racemization was observed with EEDQ in both
become available. The activated amino acid (6) solution and on silica gel probably indicates that
could react directly with the amine, leading to the conversion from the activated amino acid to the
formation of the desired product L-7 without any azlactone is slow (step B) compared to its direct
racemization (path A). The other scenario involves conversion to the final product (step A).
an intramolecular rearrangement, leading to the As pointed out by one reviewer, the kinetics of
formation of an azlactone (8) (path B). The a-proton reactions on solid support has been compared with
in the azlactone (8) is rather acidic due to extensive that of similar reactions in solution. While it is
conjugation. Therefore, azlactone (8) can be deproto- generally believed that solid-supported reactions tend
nated and reprotonated, causing its racemiztion (path to be slower than their counterparts in solution [12],
C). Both enantiomers of azlactone could react further recent evidence suggests solid-supported reactions

can be faster than similar reactions in solution [13].
Therefore, the discussion described in the last para-
graph, which attributes the significant amounts of
racemization to the possibly slower reaction kinetics
in the solid phase, may prove inadequate. At this
time, however, we still believe that this is the most
logical explanation.

As to the low coupling yields on silica gel, surface
accessibility of aminopropyl groups could serve as
one limiting factor. However, a similar experiment

˚using controlled pore glass (pore size 350 A) in
which free access to the surface is normally as-
sumed, yielded a slightly lower coupling yield and a
similar degree of racemization (coupling reagents:Scheme 4. Racemization through an azlactone intermediate (8).

R53,5-dinitrophenyl. X indicates an active intermediate. DIC–HOAt, yield: 49%, and D: 36%). Therefore,
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reasons that have not been successfully identified so high coupling yields on silica gel. These results
far are more likely responsible for the low coupling indicate that the reaction on silica gel can be very
yields. different from an almost identical reaction in solu-

Racemization in chiral stationary phase prepara- tion. Therefore, careful characterization of the final
tion is expected to lead to reduced separation factors. product is very important in the preparation of any
To investigate such an influence, two columns were stationary phases. To this end, the oxidative cleavage
packed, one from a stationary phase prepared from method proves useful in determining the enantio-
EEDQ coupling, and the other from DIC–HOBt meric purity of chiral stationary phases.
coupling. Indeed, the stationary phase prepared from
EEDQ coupling could resolve racemic 2,2,2-tri-
fluoro-1-(9-anthryl)ethanol with a higher separation Acknowledgements
factor of 1.44 (5% IPA–hexanes) (dead time t was0
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