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General. Compounds were obtained from Sigma-Aldrich except the following: 4-pyridine-
carboxaldehyde, 4-chorobenzaldehyde, and terephthalaldehydic acid (TCI America), d-
deoxyribose, acetophenone (Fluka), and 8-quinoline carboxaldehyde (VWR). Reaction buffer
was prepared by mixing 10x phosphate-buffered saline solution pH 7.4 (Fisher Scientific) with
deionized water and HPLC grade dimethylformamide (DMF, Fisher Scientific) in 1:9:1 ratio
(vol:vol:vol) except where DMF was replaced by water as noted below (Table S2). Reactants
were dissolved in spectrophotometric grade dimethylformamide (Fisher Scientific) immediately
prior to reaction. Reactions were monitored on a Cary 100 Bio UV-Visible Spectrophotometer.

Kinetics methods. Reactions were performed under pseudo-first-order conditions in quartz
cuvettes (5 mm path length; total volume ~700 pL) with solutions pre-equilibrated at room
temperature (23 °C). 596 uL reaction buffer was pipetted into the cuvette, followed by 2.0 uL of
a 300 mM aldehyde stock solution in spectrophotometric grade DMF. The solution was mixed
by rapid pipetting up and down (170 uL volume) 25 times. A background spectrum was
measured and stored. The reaction was then initiated by addition of 2.0 uL of 60 mM hydrazine
stock solution with mixing by rapid pipetting up and down 25 times. The cuvettes were capped
and spectra were measured repeatedly at 10 min intervals over 2-4 hours.

Faster reactions required 2x, 4x, and 8x dilution of the aldehyde and hydrazine stock
solutions to slow reaction so that fitting could be performed adequately. The fastest reactions
were measured every 5 min rather than the standard 10 min. Representative spectra (with
background subtracted) as a function of time are shown in Fig. S1. For each pair of reactants we
chose the wavelength of maximal change to follow time vs. absorbance data. Representative
plots of these curves are shown in Fig. S2.

Fitting of the pseudo-first-order kinetics data was done by linear least-squares fits,
following the Guggenheim (time lag) method.'* In this method (see method II in ref. 2), the data
obtained at regular intervals t are divided into halves, and early absorbance data are substracted
from the second-half data as shown in the following equation:

In(Agc— A)) = In((Aing — Ag)(1-¢™7) - At

This method removes the need for measuring a zero-time absorbance value and a final
(infinity) absorbance value. The natural log of absorbance differences are plotted vs. time, and
the slope corresponds to the negative of the pseudo-first-order rate constant. Representative
linear fits are shown in Fig. S3. The first-order rate constants were obtained from the slopes of
the linear fits, and were adjusted for units of seconds. Experiments were repeated 3-6 times and
averaged, and standard deviations were obtained.

To serve as a check on rate constants obtained above, we also used the half-life method to
estimate rate constants. In this method, we measured the time to reach 50% of the absorbance
change (t(1/2)) and then obtained the pseudo-first-order rate constant (k) from the equation

t(1/2) = O.693/kps

The second-order rate constants were obtained from k. and the reactant concentration. Very
good agreement was seen with our reported rate constants (Tables 1,2 in main text).
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Additional notes on kinetics methods:
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(a)

On the possibility of non-second-order behavior. The mechanism and kinetic behavior
for imine formation between hydrazines and carbonyl compounds depends on multiple
factors, including carbonyl structure, hydrazine structure, reactant concentrations and pH.
We have tested a wide range of carbonyl structures in this study, and thus it is likely that
not all cases tested here would reflect true second-order behavior if the kinetic
mechanism were investigated in detail. The reader is cautioned that the second-order rate
constants listed here are apparent values, and were simply obtained by calculation from
the observed first-order rates that we measured spectroscopically. The observed pseudo-
first-order rates are more reliable since they were measured directly.

(b) On the possibility of reaction reversal (hydrolysis of hydrazones). We considered the

(c)

possibility that the reverse reaction, if it occurred on fast timescales that are competitive
with hydrazone formation, might affect measured rate constants. The main concern here
would be cases in which reversal occurs rapidly, on a timescale of minutes. For the
majority of substrates, this appears unlikely, since “standard” hydrazones (2-
hydrazinylpyridine with 4-formylbenzamides as calculated by Dawson, Bioconj. Chem.
2008, 19, 2543-2548) at pH 7 in the absence of catalyst give a hydrolytic rate (k.;) of
approx 107 per second, for a half-life of 8 days. We only measured reactions for minutes
to hours, and saw clear plateauing of data (as expected) for the large majority of cases,
indicating reversal is slower than could be measured under our conditions. However, in
re-running data during revision, we did observe for two rapidly-reacting electron-
deficient ketones (trifluoroacetone and acetylpyridine) an initial rise in absorbance
followed by a drop over late timepoints, which may indicate reversal at longer
timescales. In those cases we measured rate constants at the early timepoints, where the
hypothetical reverse rate was still low due to low product concentration.

To summarize, if the reversal reaction is slow relative to hydrazone formation, then

measurement of forward rates will not be affected greatly. If reversal is very rapid
relative to hydrazone formation, then no hydrazone formation would be measurable. The
middle regime, where reversal occurs on the order of the rate of formation, may result in
downward curvature at late time points if slightly slower than the forward rate (noted
above); if slightly faster or equal to the forward rate, then no downward curvature would
be seen. This last case would result in an underestimate of forward rates. It would also be
reflected in non-second-order behavior, which is not consistent with the two measured
cases in Fig. S4.
Considerations of hydration effects. We considered the possibility that hydration of some
substrates might affect reaction rates. Hydration equilibria generally lie to the side of the
nonhydrated form except in relatively electron-poor aldehydes/ketones. In our series,
trifluoroacetone and perhaps dimethoxyacetaldehyde are likely to exist significantly if
not primarily in the hydrated form. For alkyl aldehydes the equilibrium position is ca.
1:1, while aryl aldehydes are largely unhydrated. Buschmann’s study of hydration rates
(and by inference from the equilibrium position, dehydration rates (Ber. Bunsenges.
Phys. Chem. 1982, 86, 129) shows that hydration occurs in 2-4 minutes and thus
dehydration (for most compounds) in that time or less. A similar effect could be
speculated for hemiacetals (the three sugars tested here), which we find not to react
particularly slowly. In any case, the observed rates are not corrected or adjusted for any
hydration effects. Our studies are aimed at developing practical reactions in aqueous
buffers at biological pH.



Fig. S1. Representative time-dependent UV-vis spectral changes during hydrazone formation
with phenylhydrazine at pH 7.4. Spectra were measured at 10 min time points as described

above.
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Fig. S2. Representative plots of time-dependent absorbance changes during hydrazone formation
of varied carbonyl compounds (shown) with phenylhydrazine at pH 7.4. Points were taken at
10 min intervals as described above.
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Fig. S3. Representative linear least-squares fits for hydrazone formation of compounds shown

with phenylhydrazine at pH 7.4. Conditions were as described above. Fitting was done as

described in ref. 2.
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Table S1. Long-wavelength absorption maxima of hydrazones in this study.?

A

hydrazone max hydrazone max
(nm) (nm)
H
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2Conditions: pH 7.4, 25°C, phosphate-buffered saline buffer with 10% DMF
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Table S2. Effect of 10% DMF vs. Fully Aqueous Buffer on Selected Reaction Rates.?

reactants buffer kl(ObS) k2(app) Kol
(min'!)  (Mlsec))
0 H
A HoN" -
[T g j@ 10% DMF 0.052 1.7 1
z HO,C (0.005) 0.2)
o H
- N
| e aqueous 0.016 0.55 0.3
2N HO,C (0.004) (0.12)
0 H
_N
Y HoN D 10% DMF 0.027 0.88 1
N - 0002)  (0.05)
0 H
_N
{ Y H HzN D aqueous 0.023 0.77 0.9
N i (0003  (0.18)
o H
RS T 109 DMF 0.0070 023 1
OMe (0.0002) (0.01)
HO,C
O H
T N aqueous 0.0067 0.22 1
s 0.0019)  (0.06)
HO,C

aConditions: pH 7.4, 25°C, phosphate-buffered saline buffer with or without 10% DMF.

[Carbonyl compound] = 500 uM, [hydrazine] = 25 uM.
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Fig. SS. Plot showing favorable effect of proximal acid/base groups on carbonyl compounds on
rate of hydrazone formation with phenylhydrazine at pH 7.4. Conditions are as in Tables 1,2
(main text). Rates relative to 4-dimethylaminobenzaldehyde are shown. Dark blue = substrates
with no proximal acid/base group; light blue = substrates with proximal groups.
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Fig. S6. Plot showing favorable effect of ortho carboxy group on the reactivity of phenylhydra-
zine with varied carbonyl compounds. Shown are rates of hydrazone formation at pH 7.4.
Conditions are as in Tables 1,2 (main text). Rates relative to 4-dimethylaminobenzaldehyde are
shown. Dark blue = phenylhydrazine reactions; light blue = ortho-carboxy-phenylhydrazine
reactions.
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