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Dynamic covalent chemistry (DCC) has great potential in the Scheme 1. Hydrazone Reaction of ACGRGDSGG—Hydrazide 1
fields of drug discovery and materials sciedcé However, its and Glyoxylyl—LYRAG 2 in the Absence or Presence of Aniline
impact has been tempered by the slow equilibration kinetics of e Ralbp it
bonds that meet the stability requirements for these applications. OHO
A typical example, widely explored for DCC, is the hydrazone AR Ln (;H\)?\ H\)ok N, 4 Hmi Ji:ﬁ\)ok J{(H\ﬁ NH,

. . . e N N TNy TN N TN CNY
reaction*~’” The reaction between a hydrazide and a carbonyl is S T T °o "o o = "o
chemoselective, and the equilibrium favors the hydrazone in aque- K11
ous solution. However, its equilibration kinetics are slow. To in- Ho |k [Hz@]
crease the dynamics of the hydrazone reaction without perturbing
its chemical equilibrium, a transimination catalyst is requfred. HeN N HeN o NH
Recently, we have shown that aniline effectively accelerates oxime M om a
ligation by fqrming in si.tu a highly reactive protonated aniline Schiff Ac/nﬂN)ian(;ﬁﬂN AW;1\)‘;’\b‘,,k)‘?\h‘ n\:jiN J{WN;JO*N e
base® In a similar fashion, aniline should catalyze both hydrazone o Mo o H HoiHotifo
formation and hydrolysis, which would facilitate rapid transimi- 8 OH
nation of hydrazones under aqueous conditions. Here we show that

the equilibration kinetics of hydrazone formation and transimination andmor&sbaqud‘ Hagﬂ'ge S(;:.h'ﬁt b?set |nterme.d|a'test. are not
can be significantly accelerated by using aniline as a nucleophilic observed Dy either ¥ or direct electrospray lonization mass
catalyst. spectrometry analysis of the reaction mixture, presumably due to

. 1 . -
To investigate the effect of aniline on the rates of hydrazone g‘ellr,ffr;a”}(eqt D|r.?gt.eV|dence fkc))tr .thedp][esence OItthe ?T“ne
formation ;) and hydrolysis K 1), two unprotected peptides, chiff base at equilibrium was obtained from an attempt 1o re-

ACGRGDSGG-hydrazide 1 and glyoxyly-LYRAG 2, were duce the hydrazone produBt(S(_:heme _2). A lO-_foId excess of
reacted at pH 5.7 in the presence and absence of 10 mM aniline atNaBH:“C.N was .ad'ded t(.) an eq;umolar Il_g_atl.on m_lxtureJQéndZ
ambient temperature using equimolar amounts of the peptides(:L mM) in qu!llbrlum with3 (80% at eqU|!|br|ym) In the presence
(Scheme 1). The reactions were followed by HPLC, and ligation of 10 mM aniline at pH 4.5. Instead of yielding the expected acyl
' hydrazide peptid@, a near quantitative yield of the aniline reductive

product3 was quantitated by integration (214 nm). . . . . .
As shown in Figure 1, aniline significantly catalyzes the equili- alkylatlon product6 was obtalned: .Thls re_sult is explained by
the K, difference between the aniline Schiff bag€pK, ~ 3)*?

bration of the hydrazone reaction. Fitting the data for the ligation 13 .
at 1 mM peptide concentration to the rate equation for a reversible and the hydrazong (p_l_<a betvvgen 0 an_d—3), (_jesp_lte_ the low .
abundance of the aniline Schiff base in solution, it is the major

second-order reaction (see Supporting Information) revealetDa L o .
( PP g ) protonated imine present at equilibrium. Since NaBN reacts

fold rate enhancement in the second-order rate con&tafnbom . . 0 . . .
0.0031+ 0.0001 to 0.21 0.01 ML 5%, while the pseudo-first- exclusively with protonated iminé4,the rapid and irreversible

1 2
OH

order rate constark_; increased accordingly from (0.1t 0.04) (@ {b)
x 107%to (4.0+ 0.6) x 1076 s71. As expected for a nucleophilic it ] [& 0 bt popetes 10 v e
catalyst, aniline did not significantly affect the equilibrium constant il | RO L ] etthia Lo
of the reaction. In addition, the rate enhancement was independent %8s 0.8+
of the reactant concentration; for example, at 0.1 mM peptide o7l AR o
concentrationk; is also increased 70-fold from 0.002%4+- 0.0002 3 osl il 3 oe o
to 0.21+ 0.03 M st in the presence of 10 mM aniline. 8l Sl

Hydrazone reactions are typically fastest at approximately pH L M g o
4.510 At this pH, the rates of the uncatalyzed reaction at 1 mM M; b e
peptide concentration arel0-fold faster than those at pH 5K, il e T
=0.030+ 0.002 Mt s andk_; = (0.14 0.1) x 10-5sL, Under il _ i I
these more acidic conditions, the addition of 10 mM anilink(p 011/ | iepekdmicra i I
= 4.6)* still results in a~20-fold rate enhancemerit, = 0.49+ ST e st AU i oy o e o
0.02M1tstandk ;= (264 0.4)x 10°5sL, 1 ™

Aniline-mediated transimination is expected to proceed through Figure 1. Formation of hydrazon@ over time (a) at 1 mM and (b) 0.1
an aniline Schiff base intermediate. However, under the reaction mM reactant concentration at room temperature in 0.1 MyOIAE buffer
(pH 5.7) in the absenc&l(O) and in the presenc@(®) of 10 mM aniline.
t The Scripps Research Institute. The dotted lines represent the fit of the data to the rate equation (see
* University of Maastricht. Supporting Information).
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Scheme 2. Covalent Capture of the Aniline Schiff Base 4 from a
Pre-equilibrated Mixture of Hydrazide 1, Glyoxylyl 2, Hydrazone 3,
and Aniline through Reduction with NaBH3CN ([1]o = [2]o = 1 mM;
10 mM NaBH3CN, 0.1 M NH4OAc, pH 4.5, RT, 25 h): A Small
Level of 3 Remained Unreacted
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reduction of the small population of leads to an almost full
conversion of the hydrazone into the aniline-modified pepéide

hydrazone3 and a competing hydrazid® (Figure 2). First, an
equimolar solution of hydrazid2and glyoxylyl1 (1 mM each, 10
mM aniline) was equilibrated to yield a mixture of 0.8 mM
hydrazone3 and 0.2 mM each of hydrazideé and glyoxylyl 2
(Figure 2A). To this solution was added 1 equiv of hydrazide
and the aniline concentration was increased to 20 mM. In just 10
h, a new equilibrium was established, composed of hydraz8nes
and 9 in a 1:1.2 molar ratio (Figure 2B), indicating similar
hydrazone stability. Finally, 1.1 equiv of aminooxyacetyYRAG
10 (100 mM aniline) was added to this dynamic mixture, shifting
the equilibrium toward the oxim#l (80%) (Figure 2C¥° Although
the hydrazides have a greakgyover time, the thermodynamically
more stable oximé.1 is obtained due to its slowes ;.

Since aniline Schiff bases are not stable in water, the catalyst
can be used at high concentrations, enabling large rate enhancements
to be achieved. As a result, in the presence of aniline, mixtures of

The ongoing exchange between aniline and the hydrazone athydrazones can be rapidly equilibratedithin a day at room

equilibrium suggests that aniline should catalyze transimination, temperature at millimolar concentration without using a large excess
the exchange reaction of hydrazones with other amines in solution. of one of the reactants. In the absence of the aniline catalyst, the

At high concentration, the time to reach a new equilibrium willbe  same equilibration would take weeks, greatly limiting its practical

predominantly determined by the rate of hydrolysks,). For

application in DCC. We anticipate this approach will facilitate the

example, at 1 mM reactants, the back reaction is 1 order of mag- gpplication of imine chemistry in dynamic materials and biological

nitude slower than hydrazone formatidk)( Without a catalyst,
only low levels of transimination have been achieved, and elevated
temperatures would be required to accelerate the equilibration

kinetics.

To illustrate the utility of nucleophilic catalysis for hydrazone

DCC applications.
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transimination, an exchange experiment was performed between(P-E-D.).
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Figure 2. Aniline-catalyzed hydrazone formation (Al]p = [2]o =1 mM,
[aniline] = 10 mM) and transimination (B:8]o = 1 mM, [aniline] = 20

mM; C: [10]o = 1.1 mM, [aniline]= 100 mM) under ambient conditions

in 0.1 M NH,0AC (pH 4.5).

Supporting Information Available: Experimental details and the
equations describing the reaction kinetics. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.; Stoddart,
J. F.Angew. Chem., Int. E®002 41, 898-952.

(2) Corbett, P. T.; Leclaire, J.; Vial, L.; Wietor, J.-L.; Sanders, J. K. M.; Otto,
S. Chem. Re. 2006 106, 3652-3711.

(3) Ramstio, O.; Lehn, J.-MNat. Re. 2002 1, 26—36.

(4) Erlanson, D. A.; Wells, J. A.; Braisted, A. @nnu. Re. Biophys. Biomol.
Struct.2004 33, 199-223.

(5) Lam, R. T. S.; Belenguer, A.; Roberts, S. L.; Naumann, C.; Jarrosson,
T.; Otto, S.; Sanders, J. K. Mscience2005 308 667—-669.

(6) Polyakov, V. A.; Nelen, M. I.; Nazarpack-Kandlousy, N.; Ryabov, A.
D.; Eliseev, A. V.J. Phys. Org. Cheml999 12, 357—363.

(7) Nguyen, R.; Huc, IChem. Commur2003 8, 942—-943.

(8) Giuseppone, N.; Schmitt, J.-L.; Schwartz, E.; Lehn, JJMAM. Chem.
Soc.2005 127, 5528-55309.

(9) Dirksen, A.; Hackeng, T. M.; Dawson, P. Engew. Chem., Int. EQ006
45, 7581-7584.

(10) (a) Jencks, W. Rl. Am. Chem. S0d.959 81, 475-481. (b) Jencks, W.
P.Catalysis in Chemistry and Enzymolo@over Publications, Inc.: New
York, 1986; pp 467471.

(11) (a) Cordes, E. H.; Jencks, W.R.Am. Chem. Sod.962 84, 826-831.

(b) Jencks, W. P.Catalysis in Chemistry and Enzymologiover
Publications, Inc.: New York, 1986; pp #Z3.

(12) Cordes, E. H.; Jencks, W. . Am. Chem. Sod.962 84, 832—837.

(13) Sayer, J. M.; Peskin, M.; Jencks, W.JPAmM. Chem. So&973 95, 4277
4287

(14) Borch, R. F.; Bernstein, M. D.; Durst, H. D. Am. Chem. S0d971, 93,
2897-2904.

(15) Under these conditions, the slow formation of a stable dianiline species
(20%) is observed, which was found to be unique for the glyoxylyl group.
In contrast, carbonyls, such as benzaldehyde and levulinic acid, did not
react with aniline. For reactions betweercarbonyl aldehydes or ketones
and aniline, see: (a) Micheel, Angew. Chem., Int. Ed. Engl964 3,
320. (b) Nelson, K. L.; Robertson, J. C.; Duvall, JJJAm. Chem. Soc.
1964 86, 684-687.

JA067189K

J. AM. CHEM. SOC. = VOL. 128, NO. 49, 2006 15603





