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We have been interested in the development of rubisco-based
biomimetic systems for reversible CO2 capture from air. Our
design of the chemical CO2 capture and release (CCR) system is
informed by the understanding of the binding of the activator
CO2 (

ACO2) in rubisco (ribulose-1,5-bisphosphate carboxylase/
oxygenase). The active site consists of the tetrapeptide
sequence Lys-Asp-Asp-Glu (or KDDE) and the Lys sidechain
amine is responsible for the CO2 capture reaction. We are
studying the structural chemistry and the thermodynamics of
CO2 capture based on the tetrapeptide CH3CO� KDDE� NH2
(“KDDE”) in aqueous solution to develop rubisco mimetic CCR
systems. Here, we report the results of 1H NMR and 13C NMR
analyses of CO2 capture by butylamine and by KDDE. The
carbamylation of butylamine was studied to develop the NMR
method and with the protocol established, we were able to
quantify the oligopeptide carbamylation at much lower concen-
tration. We performed a pH profile in the multi equilibrium
system and measured amine species and carbamic acid/
carbamate species by the integration of 1H NMR signals as a

function of pH in the range 8�pH�11. The determination of
ΔG1(R) for the reaction R� NH2+CO2 !R� NH� COOH requires
the solution of a multi-equilibrium equation system, which
accounts for the dissociation constants K2 and K3 controlling
carbonate and bicarbonate concentrations, the acid dissociation
constant K4 of the conjugated acid of the amine, and the acid
dissociation constant K5 of the alkylcarbamic acid. We show
how the multi-equilibrium equation system can be solved with
the measurements of the daughter/parent ratio X, the knowl-
edge of the pH values, and the initial concentrations [HCO3

� ]0
and [R-NH2]0. For the reaction energies of the carbamylations of
butylamine and KDDE, our best values are ΔG1(Bu)=
� 1.57 kcal/mol and ΔG1(KDDE)= � 1.17 kcal/mol. Both CO2
capture reactions are modestly exergonic and thereby ensure
reversibility in an energy-efficient manner. These results validate
the hypothesis that KDDE-type oligopeptides may serve as
reversible CCR systems in aqueous solution and guide designs
for their improvement.

Introduction

The atmospheric concentration of CO2 has been monitored at
Mauna Loa Observatory in Hawaii since 1958. This monitoring
project has since expanded to incorporate monitoring sites in
Alaska, American Samoa, and Antarctica, so as to monitor the
global atmospheric CO2 concentration. As of June 2021, the
concentration of CO2 in the atmosphere at the Mauna Loa site
has reached 418.94 ppm and the globally-averaged surface CO2
concentration is close to 409 ppm.[1,2] Drastic cutbacks on CO2

emissions are likely not sufficient to bring global climate change
under control.[3–5] Thus, there is a need for the development of
negative emissions technology, and a large part of the overall
CO2 extraction will be from the capture of carbon dioxide from
ambient air.[6–8] However, current negative emissions technolo-
gies will not be sufficient nor economically viable.[9–13] The
kinetics of amine-based CO2 capture has been well studied

[14–18]

and aqueous amines are currently used for capturing CO2 at
concentrated sources.[19–22] Kortunov et al.[23] recently reported a
thorough investigation of the capture of CO2 by several
aqueous amines, with varying pKa values, by

13C NMR and
included time-dependence and equilibrium distribution infor-
mation. They suggested that although the solution uptake of
CO2 per load cycle is higher for stronger bases, a weak base
capture system could theoretically capture more efficiently by
utilizing more load cycles. The efficiency is two-fold in that the
facile release reaction takes less energy to remove the CO2 and
the lower temperatures will cause far less degradation of the
starting materials than current capture systems.
We have been interested in developing rubisco-inspired

systems for reversible CO2 capture from ambient air.[24–26]

Ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) is
the enzyme responsible for most of the carbon fixation of CO2
from air.[27] The active site of rubisco contains the amino group
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of the side chain of Lys(201) and a hydrated magnesium ion
that is held in place by the carboxylic acid groups of Asp(203)
and Glu(204).[28] In order to accomplish its enzymatic activity,
Rubisco requires activation by carbamylation of the amino
group of the Lys(201).[29,30] We are investigating this activation
process with the smallest possible active site model, the
tetrapeptide KDDE (Scheme 1). Further, from the thermodynam-
ic models, we believe that this tetrapeptide may be able to
reversibly capture CO2 in solution from ambient air.

[24,25]

The mechanism of carbamylation of butylamine (R=H) and
its KDDE derivatives is outlined in Scheme 2. In aqueous
solution, the rate of the capture reaction is highly dependent
on pH because the free amine and CO2 both must be
available.[31] This is no small task to be accomplished as is
illustrated in Figure 1. For butylamine with pKa=10.6,

[32] the
plot of the butylamine fraction f(BuNH2)= [BuNH2]/[BuNH3

+] as
a function of pH shows that free amine only becomes available
at the pH>8.6 (red curve in Figure 1). In contrast, the CO2
fraction f(CO2)= [CO2]/[HCO3

� ] computed with pKa=6.352
[33] of

bicarbonate shows that free CO2 will not be available above
pH>8.3 (green curve in Figure 1). Therefore, we studied the
carbamylation reactions as the function of pH in the range 8–11
(purple shading in Figure 1). In this pH range, the carbamic acid
product will be mostly deprotonated to the carbamate, and this
is also illustrated in Figure 1. The carbamate fraction f-
(BuNHCOO� )= [BuNHCOO� ]/[BuNHCOOH] was computed with
pKa=5.74

[34] to generate the blue curve in Figure 1.
As an initial investigation, we analyzed the capture of CO2

by aqueous butylamine with 1H and 13C NMR techniques. We
report the chemical shifts and relative intensities of butylamine
and its carbamic acid for a range of pH values. From these data,
we determined the capture efficiency and derived the Gibbs
free energy of the capture reaction as a function of solution pH.
With the protocol established for the study of the carbamyla-
tion reaction by NMR spectroscopy, we then turned to the more
challenging task of oligopeptide carbamylation. The oligopep-
tide CH3CO-Lys(1)-Asp(2)-Asp(3)-Glu(4)-NH2 (KDDE) was synthe-
sized as a mimic of the active site of Rubisco (Scheme 3 left).
We also studied the larger oligopeptide DPSG-KDDE-GSPK (“f3”),
which contains an amide bridge (yellow shading in Scheme 3

Scheme 1. From rubisco to tetrapeptide to butylcarbamate.

Scheme 2. Pathway of CO2 addition to butylamine and derivatives.

Figure 1. Mole fractions f(B)= [B]/[B+H+] of the capture system species as a
function of pH. Continuous lines computed for the individual equilibria; CO2
fraction green (using pKa=6.352),

[33] amine fraction orange (using
pKa=10.6),

[32] carbamate fraction blue (using pKa=5.89). Purple shading
indicates capture area with non-negligible amine concentration. Specific
points indicate amine mole fractions f(R-NH2) in the reaction multi-equilibria
for butylamine (red square) and KDDE (yellow circle), see texts for details.

Scheme 3. Tetrapeptide KDDE and its bridged analog oligopeptide DPSG-
KDDE-GSPK (“f3”).
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right) between the terminal amino acid aspartic acid and lysine.
Both oligopeptides were synthesized and purified, and their
NMR spectra were completely assigned. Our measurements
allow for the determination of the Gibbs free energy for the
formation of the carbamic acids ΔG1 and we describe a rigorous
treatment of the multi-equilibrium scenarios. Uncertainties in
the acidity constants are addressed to estimate error bars for
the ΔG1 measurements.

Results and Discussion

1H and 13C NMR Spectra of KDDE in Aqueous Solution

The 1H NMR and 13C NMR spectra of pure KDDE in aqueous
solution are shown in Figure 2 and Figure 3, respectively. Both
spectra were completely assigned based on extensive 2D-NMR
measurements, the assignments are summarized in Table 1 and
Table 2. Scheme 3 shows the labelling used for the signal
assignments. In each amino acid, the backbone carbon and
hydrogen atoms are denoted as α and the sidechain C and H
atoms are named from β. The hydrogen atoms in the backbone
amide groups are denoted as “Am. H”.

The 1H NMR spectrum of KDDE is shown in Figure 2. The
signals of the amide hydrogens appear at the range of 8–
9 ppm, and each appears as a doublet because of coupling to

Figure 2. 1H NMR spectrum of Ac-Lys-Asp-Asp-Glu-NH2 (KDDE) in 90% H2O
and 10% D2O.

Figure 3. 13C NMR spectrum of Ac-Lys-Asp-Asp-Glu-NH2 (KDDE) in 90% H2O
and 10% D2O.

Table 1. 1H NMR assignments of KDDE and the bridged DPSG-KDDE-GSPK
in 90% H2O, 10% D2O solution.

[a]

Residue Assignment KDDE KDDE in f3
Min Max Split[b] Min Max Split

CH3-Cap 2.02 s 1.98 s
Lys-1 1-Amide 8.26 8.27 6.32 8.27 amb.

1α 4.22 4.24 m 4.19 4.23 m
1β(2) 1.70 1.73 m 1.67 1.74 m

1.76 1.81 m 1.76 1.85 m
1γ(2) 1.37 1.45 m 1.44 1.53 m
1δ(2) 1.65 1.68 m 1.61 1.66 m
1ɛ(2) 2.98 s 3.13 3.17 m
1ζ (NH3

+) 7.51
Asp-2[c] 2-Amide 8.55 8.56 7.18 8.50 8.51 7.34

2α 4.68 4.72 m 4.94 4.97 m
2β(2) 2.81 2.85 m 2.58 2.62 m

2.91 2.94 m 2.75 2.79 m
2γ dep.

Asp-3 3-Amide 8.39 8.40 7.69 8.29 8.31 7.41
3α u.w. 4.65 4.67 m
3β(2) 2.81 2.85 m 2.83 2.87 m

2.91 2.94 m 2.90 2.93 m
3γ dep.

Glu-4 4-Amide 8.21 8.22 7.36 8.23 8.24 6.79
4α 4.31 4.34 m 4.32 4.36 m
4β(2) 1.95 2.00 m 2.01 2.05 m

2.15 2.18 m 2.13 2.20 m
4γ(2) 2.42 2.50 m 2.46 2.49 m
4δ dep.
NH2-Cap 7.11 s

7.54 s
Acetate

[a] All values reported in ppm relative to DSS. dep.=deprotonated, u.w.=
under water, amb.=ambiguous. [b] 3JNH-CH values are given in Hz. [c] Asp2
and Asp3 signals are not clearly distinct from each other.

Table 2. 13C NMR assignments of KDDE and the bridged DPSG-KDDE-GSPK
in 90% H2O, 10% D2O solution.

[a]

Residue Assignment KDDE KDDE in f3

CH3-Cap 24.40 24.28
C=O-Cap 177.29

Lys-1 1-Amide 176.92 176.91
1α 56.63 56.40
1β 33.01 33.32
1γ 24.66 30.52
1δ 29.08 29.00
1ɛ 42.14 42.07
2-Amide

Asp-2[b] 2α 53.04 51.53
2β 38.11 39.74
2γ 175.01 173.95

Asp-3 3-Amide
3α 53.17 53.27
3β 38.11 37.99
3γ 175.09

Glu-4 4-Amide 178.64 175.18
4α 55.78
4β 28.74 28.27
4γ 32.86 33.80
4δ 180.02 179.89

[a] All values reported in ppm relative to DSS and all are singlets. [b] Asp2
and Asp3 signals are not clearly distinct from each other.
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their neighboring α hydrogens (3JNH-CH). The signals with the
chemical shifts of 7.5 and 7.1 ppm are caused by the NH2 cap.
The α hydrogens of each amino acid residue give rise to signals
in the range of 4–5 ppm. Each α hydrogen is split by one amide
hydrogen and two β hydrogens with different coupling
constants, thus causing a multiplet. The region from 1.5 to
3.5 ppm contains all other H peaks and their assignments
required 2D-NMR spectroscopy.
Total Correlation Spectroscopy (TOCSY)[35] was used to

determine which proton signals correlated with each amino
acid. For KDDE, the spin network for Lys clearly showed 6
signals (amide, α, β, γ, δ, ɛ), Glu clearly gave 5 signals (amide, α,
2×β, γ), and Asp clearly gave 3 signals (amide, α, β), thus it was
straightforward to determine which peaks belonged to which
amino acid. Then the position (α, β, etc.) was assigned by
comparison to reference spectra.[36] 1ζ(NH3

+) is seen as a small
shoulder at 7.51 ppm in the 1H spectrum. This shoulder shows
cross peaks with the 1δ and 1ɛ hydrogens in the TOCSY
spectrum.
Asp-2 and Asp-3 were difficult to distinguish. The amide

proton of Asp-2 was ultimately assigned based on its Nuclear
Overhauser Effect Spectroscopy (NOESY)[37] signal with the
lysine α proton. The β protons of both Asp residues are
diastereotopic and nonequivalent, and their intrinsic difference
exceeds the difference between Asp 2 and Asp3. Thus, the
signals at 2.81–2.85 are due to one β proton in Asp-2 and one β
proton in Asp-3, and likewise the signals at 2.91–2.95 are due to
the other β protons in Asp-2 and Asp-3. This explanation is
consistent with the TOCSY spectrum, which shows that both β
regions overlap with the α-CH signals and the amide-H signals
of both Asp 2 and Asp 3. The CH3-cap and NH2-cap signals were
assigned because of their lack of TOCSY cross peaks.
In both Lys and Glu residue, the two β hydrogens are

nonequivalent and each β hydrogen couples with one α H, one
β H, and two γ Hs, thus giving rise to a multiplet. The signal of
4γ Hs appears more downfield than the 4β H signal because it
is connected to a carboxylic group; the modest nonequivalence
of the 4γ H manifest itself in the formation of the multiplet
(rather than a triplet) resulting from coupling with the two β Hs.
The 1γ Hs and 1δ Hs appear in the range of 1.3–1.8 ppm and
the Hs of both methylene groups give rise to multiplets
because each hydrogen couples with four non-equivalent
hydrogens. The 1ɛ H signal appears more downfield and it is
overlapping with the β H signals of the two Asp residues.
The 13C NMR spectrum of KDDE is shown in Figure 3. The

carbonyl carbons of the amide groups (Am. in Figure 3) and of
the side chain carboxylate carbons (2γ, 3γ, 4δ) give rise to
signals in the range of 175 to 185 ppm. The signals of α carbons
appear between 50 and 60 ppm, and the signals of β carbons
appear between 25 and 50 ppm. With the fully assigned 1H
spectrum, the assignment of the carbon signals was straightfor-
ward. The Heteronuclear Multiple Quantum Correlation
(HMQC)[38] spectrum was used to identify the side chain and
backbone carbon signals and Heteronuclear Multiple Bond
Correlation (HMBC)[39] spectroscopy allowed the assignments of
the carbonyl signals. The carboxyl C signals for Asp-2 and Asp-3
were difficult to distinguish because of the overlap of the β H

signals of Asp-2 and Asp-3 (vide supra). The 13C signals at 53.0
and 53.2 ppm showed no cross peaks in the HMQC spectrum
because the corresponding 1H signals were too close to the
water peak at 4.7 ppm. However, these signals appear much
more clearly in the Heteronuclear Correlation Spectroscopy
(HETCOR)[40] experiment and could be assigned as the Asp α
signals.

1H and 13C NMR Spectra of Butylamine in Aqueous Solution

The atom numbering of butylamine is defined in Scheme 2.
Figure S1 in SI1 shows the 1H NMR spectrum of butylamine in
aqueous solution and peaks occur at 2.61 ppm (α), 1.40 ppm
(β), 1.30 ppm (γ), and 0.88 ppm (δ). Figure S2 in SI1 shows the
13C NMR spectrum of the same sample with peaks at 43.09 ppm
(α), 36.43 ppm (β), 22.08 (γ) and 15.89 ppm (δ). These peaks
closely agree with the respective spectra measured in CDCl3
solution.[41]

pH Profile of Butylamine Species in the Capture Reaction

The pH of the initial solution was 10.10. This bulk solution of
the butylamine/ bicarbonate was distributed into 10 small vials,
each holding 20 mL of solution. The pH was adjusted in each
individual vial using small aliquots of 3 M H2SO4 or 1 M NaOH
such that the added volume of acid/base did not significantly
affect the butylamine concentration. These samples were
allowed to equilibrate without venting at room temperature for
>48 hours and the pH was monitored over time (Table 3). NMR
spectra were recorded once the pH values became steady and,
as can be seen in Table 3, the pH values measured directly
before and after the NMR measurements remained essentially
the same. The data is reported for the pH values of the samples

Table 3. pH Measurements of butylamine and KDDE carbamylation
equilibria over time.

Sample Acid/Base
Added [μL]

pH
t=0 s Before NMR After NMR

BuNH2 3 M H2SO4
1 0 10.11 9.95 9.97
2 25 9.89 9.81 9.81
3 50 9.58 9.62 9.61
4 75 9.14 9.38 9.39
5 100 8.53 8.68 8.70
6 150 7.38 7.57 7.82

1 M NaOH
7 50 10.30 10.27 10.28
8 150 10.65 10.66 10.67
9 200 10.88 10.90 10.90
10 275 11.28 11.26 11.25
KDDE 3 M NaOH
1 15 9.32 9.19
2 25 9.52 9.41
3 40 9.78 9.67
4 80 10.28 10.16
5 110 10.70 10.56
6 130 10.82 10.81
7 150 11.21 11.18
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measured immediately after the NMR measurement. The
reproducible measurement of pH is easily accomplished with
high accuracy so long as one is mindful of the rather long
equilibration times.
Table 4 gives the chemical shifts, multiplicity, and coupling

constants for the observed signals of the 1H spectra recorded at
the ten pH values studied in the range 7.82�pH�11.25. Note
that the addition of bicarbonate to these samples causes the α,
β, and γ signals to shift downfield by about 0.33 ppm,
0.18 ppm, and 0.04 ppm, respectively, and this shift is inde-
pendent of pH. At high pH, we report signals for both the
parent species (amine and ammonium ion) and the daughter
species (carbamate and carbamic acid). With decreasing pH, the
intensities of the daughter peaks were diminished and could
not be distinguished from noise at pH�8.70. There are
relatively large jumps in the pH measurements from 9.39 to
8.70 and from 8.70 to 7.82 because carbonate has a very poor
buffering capacity in that region.
Figure 4 summarizes the results for the quantitative data set

over the entire pH range studied. Spectra were scaled such that
the highest peak is roughly the same intensity in each
spectrum. The intensity of the daughter peaks relative to their
respective parent peaks within a spectrum is meaningful (vide
infra). The relative intensities of the daughter peaks go through
a maximum at pH=10.28.
The multiplicities of the N-attached methylene groups (α

signal) differ in the amine and carbamate and the α peaks
appear as triplets for the parent amine and as quartets for the
daughter carbamate. In the parent butylamine species, the two
α hydrogens only couple with the two β hydrogens but not

with the NH2 hydrogens, because the latter are exchangeable
with solvent water. In contrast, the two α-Hs in the carbamate
are coupling with the two β hydrogens as well as the NH
hydrogen and the resulting doublet of triplets appears as a
quartet. Our assignments were consistent with a correct
interpretation of the results of a previous study of
carbamylation.[42]

The 1H NMR chemical shifts of butylamine and butylcarba-
mate are plotted in Figure 5 as a function of pH. Generally, the
chemical shifts of the carbamate remain the same over the pH
range while the parent peaks shift upfield with increasing pH.

Table 4. pH Profile (zggppr) of butylamine in 90% H2O :10% D2O solution with added NaHCO3:
1H NMR spectra.[a]

Assign. pH=11.25 pH=10.90 pH=10.67 pH=10.28 pH=9.97
δ Mult. J δ Mult. J δ Mult. J δ Mult. J δ Mult. J

Parent
α 2.71 t 7.23 2.78 t 7.29 2.84 t 7.38 2.91 t 7.44 2.94 t 7.50
β 1.46 p 7.38 1.50 p 7.44 1.54 p 7.47 1.58 p 7.47 1.59 p 7.53
γ 1.32 sx 7.47 1.32 sx 7.50 1.35 sx 7.48 1.36 sx 7.54 1.37 sx 7.50
δ 0.89 t 7.38 0.89 t 7.41 0.90 t 7.35 0.91 t 7.41 0.91 t 7.41
Daughter
α 2.99 q 6.64[b,c] 2.99 q 6.64 2.99 q 6.62 2.99 q 6.62 2.99 q 6.62
β 1.40 m 7.36 1.41 m 7.25 1.41 m 7.26 1.41 m 7.15 1.43 m 7.11
γ 1.30 m 7.47 1.31 m 7.36 1.30 m 7.44
δ 0.88 t 7.29 0.88 t 7.35 0.88 t 7.35 0.88 t 7.38

Assign. pH=9.81 pH=9.61 pH=9.39 pH=8.70 pH=7.82
δ Mult. J δ Mult. J δ Mult. J δ Mult. J δ Mult. J

Parent
α 2.95 t 7.53 2.97 t 7.53 2.97 t 7.53 2.99 t 7.53 2.99 t 7.56
β 1.60 p 7.55 1.61 p 7.56 1.62 p 7.56 1.62 p 7.58 1.62 p 7.56
γ 1.37 sx 7.50 1.37 sx 7.53 1.37 sx 7.53 1.38 sx 7.37 1.38 sx 7.49
δ 0.91 t 7.41 0.91 t 7.41 0.91 t 7.41 0.92 t 7.38 0.92 t 7.41
Daughter
α 2.99 q 6.51 2.99 q 6.60 u.p. u.p.
β u.p.[d] u.p. u.p. u.p.
γ 1.30 m 7.40 1.30 m 7.39 1.30 m 7.48 1.30 m 7.65
δ 0.88 t 7.38 0.88 t 7.35 0.88 t 7.35 0.87 t 6.39

[a] All peaks reported relative to internal standard DSS signal. Chemical shifts δ in ppm and coupling constants J in Hz. [b] A quartet is observed because
JHCCH� JHNCH and the NH proton is not labile and does not undergo fast exchange with solvent, therefore the n+1 rule approximately holds. [c] The average
computed coupling constants 3JHNCH=6.20 Hz and 3JHCCH=7.24 Hz were calculated with NMR=GIAO at APFD/6-311G* SCRF= (SMD,water). [d] Abbreviation
u.p. stands for under parent peak.

Figure 4. Measured 1H NMR pH profile using the water suppression
technique “zggppr” for butylamine in 90% H2O :10% D2O solution with
added NaHCO3.
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At low pH, the daughter δ peak is clearly resolved from the δ
parent peak, but the daughter α and β peaks are obscured by
the α and γ parent peaks, respectively. At high pH, the parent α
and γ peaks shift sufficiently upfield and separate from the
signals of the α and β daughter peaks, but the parent δ peak
begins to overlap with the daughter δ peak. Only clearly
resolved signals of parent and daughter were used in the
quantitative analysis. The 13C NMR chemical shifts are plotted in
Figure S7 in SI1 as a function of pH. The assignment of the
butylcarbamate is consistent with one previous report of a
biscarbamylated lysine.[43]

pH Profile of KDDE Species in the Capture Reaction

The bulk solution of KDDE was split into ten 10-mL samples and
their pH values were adjusted using various aliquots of the base
solution. The samples were allowed to equilibrate for approx-
imately 48 hours (Table 3). Once the pH was steady, 1H and 13C
NMR spectra were measured.
The 1H NMR and 13C NMR spectra of carbamylated KDDE are

shown in Figure 6 and Figure 7. The standard DSS causes peaks
at 0.00 ppm (three CH3), 0.63 ppm (Si-CH2), 1.76 ppm (CH2-CH2-
CH2), 2.91(S-CH2) ppm in the

1H spectra correspond to DSS. The
1.76 ppm peak obscures the Lys β hydrogen peaks and the 2.91
peak begins to overlap with the Lys ɛ hydrogen peak at some
pH values. DSS also gives peaks in the 13C NMR at 0 ppm,
18 ppm, 21 ppm, and 57 ppm. The peak at 57 ppm may
interfere with the Lys α daughter peak. The peaks at 120 ppm
and 166 ppm in the carbon spectrum correspond to TFA.
Proton assignments were determined using the same

procedure as for butylamine with 2D-NMR. Signals for the β
hydrogens of Asp-2 and Asp-3 cannot be distinguished. The
signals for the Asp β hydrogens are spilt in both Asp-2 and Asp-
3 and give rise to 4 signals. In combination with the HMBC
spectroscopy, the order of the signals was determined to be

Asp3-Asp2-Asp2-Asp3. Still, the splitting patterns are convo-
luted, and the shifts are reported together.
The 13C assignments for the carbonyl carbons were

determined with HMBC spectroscopy. All other carbon peaks
were assigned with HSQC spectroscopy. The β carbons of Asp-2
and Asp-3 cannot be distinguished because the hydrogen
spectrum is unclear.
Figure 8 shows the 1H NMR spectra measured for the

quantitative data set over the entire pH range studied, 9.19�
pH�11.18. Table 5 summarizes the chemical shift ranges and
the multiplicities for the observed signals. The chemical shifts
for the 1H spectra are plotted in Figure 9 as a function of pH.

Quantitative Yields of Carbamylation of Butylamine and
KDDE as a Function of pH

The integrations of the 1H signals were used to determine the
daughter/parent ratio X of the carbamylation, that is, the ratio
of the integrals of the daughter and the parent peaks. The
daughter/parent ratio X measured for butylamine and KDDE are

Figure 5. Shifts of the 1H NMR signals of butylamine and butylcarbamate as
a function of pH.

Figure 6. Assignment of 1H NMR spectrum of carbamylated KDDE.

Figure 7. Assignment of 13C NMR spectrum of carbamylated KDDE.
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summarized in Table 6 and Table 7, respectively. The first three
columns of each table contain the pH values of the solution,
information about which signals were integrated, and the
resulting mole fractions of carbamate formed. To avoid
confusion, remember that the IUPAC nomenclature of the alkyl
chain runs in different directions for butylamine and KDDE’s
lysine. While the α signal of butylamine are due to the
methylene group directly attached to the carbamate
(Scheme 2), the α signal of lysine refers to the CH peak of the
amino acid backbone and the methylene group directly
attached to the carbamate gives rise to the ɛ signal (Scheme 3).
For butylamine carbamylation, in column 2 of Table 6 are

listed those signals that were used for the quantitative analysis
based on information about the separability of parent and
daughter signals obtained from Figure 4 and Figure 5. At pH�
10.90, the carbamate mole fraction was determined using the α
and β signals. At pH values 10.28 and 10.67, only the

integrations of the α signals were used because the daughter β
signals started to overlap to the γ signals. The γ signals were
not integrated at any case because the parent γ signals overlap
with the daughter γ signals and/or daughter β signals. One
might not consider the δ signal of the terminal methyl groups
as a likely messenger of carbamylation at the other end of
butylamine. Yet, the parent and daughter signals are well
separated below pH=9.97, and at pHs below 9.61, the
integration of the δ signals is the only way to quantify
carbamylation because the α signals of parent and daughter
overlap.
Based on the butylamine study, we had hoped that the

signal of the methylene directly attached to the carbamate, the
ɛ signal in KDDE, would allow for the determination of the
carbamate mole fraction. This expectation holds true only for
high pH values. At low pH, the parent Lys ɛ peak completely
overlapped with the daughter peak. It was fortunate that the
hydrogen furthest away from the carbamylation site, the α-CH
of the backbone served as an indicator just like the terminal
methyl group in butylamine. Therefore, at all pH values, it was
possible to determine the mole fraction at least based on the
parent:daughter ratio of α signals. In those cases where it was
possible to evaluate both the α and the ɛ signals we found very
good agreement of the daughter:parent ratios obtained with
the α or ɛ signals only. For best noise averaging, the mole
fractions were then computed based on the combination of the
α and ɛ signals.
At pH�10.16, the Lys ɛ parent peaks shift upfield and allow

for the clear distinction between the parent Lys ɛ and the
daughter Lys ɛ. At some of the high pH values, the Lys ɛ parent
signal overlaps with the DSS signal at 2.91 ppm. Thus, Lys ɛ and
the DSS signal were integrated together, the DSS signal at
0.63 ppm was integrated separately, and the peak integral of
the 0.63 ppm signal was subtracted from the total area of the
“Lys ɛ+DSS” signal to determine the integration for Lys ɛ.
Another complication arose because the Lys ɛ shifts further

upfield and begins to of the overlap with the Asp β hydrogen
peaks at pH=10.16 and 10.56. To overcome this issue, a ratio of
the areas for the Asp β and Glu γ hydrogen peaks was
determined for several spectra and this ratio was found to have
a nearly constant value of 0.50. Thus, based on the integration
of the Glu γ signal, we were able to determine how much of
the area in the Asp β+Lys ɛ region was due to the Asp β. This
area was subtracted from the integration of the Asp β+Lys ɛ
region to determine the area attributable to Lys ɛ.
The carbamate mole fraction Y is defined as Y= [daughter]/

([daughter]+ [parent]) where [daughter] refers to the overall
concentration of all CO2 adducts and [parent] refers to the
overall concentration of all amine species, that is, Y= ([carbamic
acid]+ [carbamate])/([carbamic acid]+ [carbamate]+ [amine]+
[ammonium ion]). The carbamate mole fraction Y measures the
yield of the carbamylation reactions and the Y values for both
BuNH2 and KDDE reactions are plotted as a function of pH in
Figure 10. The highest carbamylation yields occur at 10.2�
pH�10.5 with only a small difference between butylamine and
KDDE. The ratio of the mole fractions of the two systems is
BuNH2:KDDE=2.62�0.19 averaged over all pH values at which

Figure 8. Measured 1H NMR pH profile using the water suppression
technique “zggppr” for KDDE in 90% H2O :10% D2O solution with added
NaHCO3.

Figure 9. Shifts of the 1H NMR signals of amine and carbamate species of
KDDE as a function of pH.
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measurements were made. This ratio is more of a reflection of
the substrate ratio S= [HCO3

� ]0/[R� NH2]0 and the values
S(BuNH2)=1.51 and S(KDDE)=4.1 and less of the thermochem-
istry of the carbamylation reaction.

Thermodynamics of Carbamylation Reactions in Solution

Multiequilibria Evaluation to Deduce ΔG0 for the CO2 Capture
Reaction

From the data reported in Table 6, Table 7, and Figure 10, we
can determine the ΔG0 for the capture reactions at each pH. We
describe the formalism for the general case of the capture of
CO2 by alkylamine R� NH2 to give the alkylcarbamic acid
R� NH� COOH, see reaction R1. Equilibrium constants that
depend on the nature of the R group are labeled Km(R), where
m= [1,4,5] and R=Bu or R=Lys for the carbamylation studies
of butylamine or the lysine in KDDE, respectively.

R� NH2 þ CO2 Ð R� NH� COOHðR1Þ

K1ðRÞ ¼ ½R� NH� COOH�=ð½R� NH2�½CO2�Þ (1)

The determination of K1(R) is complicated by the fact that
each species in reaction R1 engages in pH dependent
equilibrium reactions R2–R5.

Table 6. Measured daughter/parent ratio, calculated concentrations, and derived free energies for the CO2 capture reaction by BuNH2 with [HCO3
� ]0=

68 mM and [Bu� NH2]0=45 mM.
[a]

pH Integrated Peaks X[b,c]

[%]
[Bu� NH2] [Bu� NH

� CO2H]
[d]

[Bu� NH
� COO� ][d]

[CO2]
[f] [CO2]

[g] I[d,f]

ΔGR1
II[d,g]

ΔGR1
III[e,f]

ΔGR1
IV[e,g]

ΔGR1

11.25 α, β 16.3 0.0307 0.0320 7.3145 0.0001 0.0001 � 1.34 � 1.57 � 1.54 � 1.78
10.90 α, β 22.9 0.0233 0.1004 10.3458 0.0003 0.0002 � 1.33 � 1.57 � 1.54 � 1.77
10.67 α 26.1 0.0182 0.1948 11.7924 0.0008 0.0005 � 1.33 � 1.57 � 1.54 � 1.77
10.28 α 27.8 0.0108 0.5122 12.6309 0.0033 0.0022 � 1.37 � 1.60 � 1.57 � 1.81
9.97 α, δ 25.4 0.0065 0.9727 11.5601 0.0095 0.0064 � 1.43 � 1.66 � 1.63 � 1.87
9.81 α, δ 22.4 0.0050 1.2312 10.1940 0.0154 0.0104 � 1.44 � 1.67 � 1.64 � 1.88
9.61 δ 18.3 0.0035 1.5872 8.3296 0.0275 0.0185 � 1.45 � 1.69 � 1.66 � 1.89
9.39 δ 13.5 0.0023 1.9520 6.1163 0.0511 0.0344 � 1.46 � 1.69 � 1.66 � 1.90
8.70 δ 3.7 0.0005 2.6050 1.6665 0.2920 0.1968 � 1.45 � 1.68 � 1.65 � 1.88

Average: � 1.40 � 1.63 � 1.60 � 1.84

[a] Concentrations in mM except for butylcarbamic acid, which is in μM. Energies in kcal/mol. Measurement at pH=7.817 showed no carbamate signals. [b]
Because the daughter species is mostly carbamate at this pH, we use the label “Bu� NH� COO� ”. However, we acknowledge that the NMR signal of the
daughter peak may include very small contributions from the protonated form as well. [c] The daughter/parent ratio X is the ratio of the integration of the
daughter peak to the integrations of the parent peaks. [d] Using pK5=5.74.

[34] [e] Using pK5=5.89. [f] Using pK2=6.352.
[33] [g] Using pK2=6.18.

[45]

Table 7. Measured daughter/parent ratio, calculated concentrations, and derived free energies for the CO2 capture reaction by KDDE with [HCO3� ]0=41 mM
and [KDDE]0=10 mM.

[a]

pH Integrated Peaks X[b,c]

(%)
[Lys� NH2] [Lys� NH

� COOH][e]
[Lys� NH
� COO� ][e]

[CO2]
[f] [CO2]

[g] I[d,f]

ΔGR1
II[d,g]

ΔGR1
III[e,f]

ΔGR1
IV[e,g]

ΔGR1

11.18 α, ɛ 6.32 0.0071 0.2084 0.4110 0.0001 0.00004 � 0.92 � 1.15 � 1.12 � 1.36
10.81 α, ɛ 9.53 0.0052 0.1908 0.6347 0.0003 0.0002 � 0.93 � 1.16 � 1.13 � 1.37
10.56 α, ɛ 11.22 0.0039 0.1324 0.7906 0.0009 0.0006 � 0.97 � 1.20 � 1.17 � 1.40
10.16 α, ɛ 10.50 0.0021 0.0567 1.0532 0.0035 0.0024 � 0.99 � 1.23 � 1.20 � 1.43
9.67 α 7.87 0.0008 0.0239 1.1188 0.0156 0.0105 � 1.17 � 1.40 � 1.37 � 1.61
9.41 α 6.31 0.0005 0.0115 0.9500 0.0307 0.0207 � 1.30 � 1.53 � 1.50 � 1.73
9.19 α 4.08 0.0003 0.0032 0.6289 0.0546 0.0368 � 1.29 � 1.52 � 1.49 � 1.73

Average: � 1.08 � 1.31 � 1.28 � 1.52

[a] Concentrations in mM; energies in kcal/mol. [b] Because the daughter species is mostly carbamate at this pH, we use the label “Lys� NH� COO� ”.
However, this number reflects the total concentration of the daughter species from the NMR signal. [c] The daughter/parent ratio X is the ratio of the
integration of the daughter peak to the integrations of the parent peaks. [d] Using pK5=5.74.

[34] [e] Using pK5=5.89. [f] Using pK2=6.352.
[33] [g] Using pK2=

6.18.[45]

Figure 10. Carbamate mole fraction Y as a function of pH of the butylamine
and KDDE carbamylation reactions.
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CO2 þ H2OÐ ðH2CO3 ÐÞH
þ þ HCO3

� ðR2aÞ

CO2 þ OH
� Ð HCO3

� ðR2bÞ

K2 ¼ ½H
þ�½HCO3

� �=½CO2� (2)

HCO3
� Ð Hþ þ CO3

2� ðR3Þ

K3 ¼ ½Hþ�½CO32� �=½HCO3 � � (3)

R� NH3
þ Ð R� NH2 þ H

þðR4Þ

K4ðRÞ ¼ ½H
þ�½R� NH2�=½R� NH3

þ� (4)

R� NH� COOHÐ R� NH� COO� þ HþðR5Þ

K5ðRÞ ¼ ½Hþ�½R� NH� COO� �=½R� NH� COOH� (5)

Equation 6 defines the daughter/parent ratio X, which was
measured by integrations for the daughter and parent peaks as
described above.

X ¼
R � NH � COOH½ � þ ½R � NH � COO� �

R � NH2½ � þ ½R � NHþ3 �
(6)

With the knowledge of the initial concentration of the
amine, the mass balance equation (Eq. 7), and rearrangement of
Eq. 4, one can determine [R� NH2] via Eqs. 8 and 9 and
[R� NH� COOH] via Eq. 10.

½R� NH2�0 ¼ ½R� NH2� þ ½R� NH3
þ� þ ½R� NH� COOH�

þ½R� NH� COO� �
(7)

½R � NH2�0
1þ X

¼ R � NH2½ � þ ½R � NHþ3 � (8)

Substituting [R� NH3
+] using the definition of K4(R) in Eq. 4,

one can solve for the concentration of the amine R� NH2.

R � NH2½ � ¼
½R � NH2�0

1þ Xð Þ 1þ Hþ½ �

K4

� �
(9)

Then, using the same amine mass balance equation and the
equilibrium quotient for reaction R4, one can solve for the
concentration of alkylcarbamic acid.

½R � NH � COOH� ¼
½R � NH2�0 � R � NH2½ � � ½R � NHþ3 �

ð1þ K5
Hþ½ �
Þ

(10)

With the concentration of carbamic acid known, it is easy to
calculate the concentration of carbamate with Eq. 11.

½R � NH � COO� � ¼
K5 � ½R � NH � COOH�

Hþ½ � (11)

To determine the concentrations of HCO3
� , CO3

2� , and CO2,
the mass balance equation (Eq. 12) was employed.

½HCO3 � �0 ¼ ½HCO3 � � þ ½CO2� þ ½CO32� � þ ½R� NH� COOH�

þ½R� NH� COO� �
(12)

By substitution of the equilibrium quotients K2 and K3,
Eq. 12 can be simplified to Eq. 13.

HCO�3
� �

¼
HCO�3
� �

0 � R � NHCOOH½ � � ½R � NH � COO� �

1þ K3
Hþ½ � þ

Hþ½ �

K2

(13)

Then the concentration of CO2 can be calculated with
Eq. 14.

CO2½ � ¼
Hþ½ � � HCO�3

� �

K2
(14)

With the concentration of R-NH-COOH, R-NH2, and CO2
known, K1 can be calculated via Eq. 1.

Equilibrium Constants

The hydrolysis of CO2 is described by R2a and R2b and the latter
reaction is the dominant pathway for bicarbonate formation at
pH above 8.[44] The intermediate carbonic acid formation need
not be considered in the overall equilibria because the
dissociation of the proton (pKa=3.7)

[33] and the dehydration
reactions are highly favorable for H2CO3. For the overall
reaction, the pK2 value of 6.352

[33] is commonly used and a
slightly lower value of 6.18[45] also was reported. Note that the
CRC wrongly gives 6.532 as the pKa of the first dissociation of
carbonic acid, neglecting the hydration step.[46]

The acidity of butylammonium ion was measured[32] to be
pK4(Bu)=10.6, and we employ the same value to approximate
pK4(Lys).
The specific value for the acidity of butylcarbamic acid

pK5(Bu) is not reported in the literature. However, the pKa value
of aminocarboxylic acid (NH2COOH) was determined

[34] to be
pK5(H)=5.74 (T=273 K) and this value can be used in Eq. 10 as
a first approximation to obtain [Bu� NH� COOH]. However, we
studied the effect of adding an alkyl substituent to achieve a
better estimate of K5(Bu) via the isodesmic

[47] reaction R6. The
direct calculation of acidity of weak acids is notoriously
difficult.[48] Instead of evaluating R5a and R5b, we are only
interested in the computational evaluation of reaction R6 (=
R5a–R5b) to determine an R-group correction to the exper-
imentally measured pK5(H) according to Eq. 16.

R� NHCOOHþ H2OÐ R� NHCOO� þ H3OþðR5aÞ

H2NCOOHþ H2OÐ H2NCOO
� þ H3O

þðR5bÞ

R� NHCOOHþ H2NCOO
� Ð R� NHCOO� þ H2NCOOHðR6Þ

DGðR5aÞ ¼ DGðR5bÞ þ DGðR6Þ (15)
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K5ðR5aÞ ¼ K5ðR5bÞ � KðR6Þ ¼ K5ðR5bÞ � expð� DGðR6Þ�=RTÞ (16)

To evaluate Eq. 16, we determined the energies of the
parent carbamic acid and its carbamate, H2NCOOH and
H2NCOO

� , and of their alkyl substituted analogs, R� HNCOOH
and R� HNCOO� (R=Me, Et, Pr, Bu) at various levels of density
function theory, which we have previously employed in our
studies of the CO2 capture by amine.

[49] The isodesmic reaction
R6 was evaluated for the gas phase and with the solvation
model SMD[50] with the APFD[51] functional and various basis
sets. Because the solvation effects are significant, we improved
the accuracy of the reaction energies by adding two explicit
water molecules to each carbamic acid and carbamate, and
details are provided in the supporting information. At our best
level, we obtained the reaction energy ΔGR6(Bu)=0.21 kcal/mol,
which gives pKa(Bu)=5.89 for reaction R5a. The pKa(R) values of
carboxylic acids are 4.76 (Me), 4.87 (Et), 4.83 (Pr), 4.83 (Bu), and
4.85 (Pe),[52] and based on their convergence it is well justified
to use pKa(Bu)=5.89 in the analyses of both the butylamine
and the KDDE system.

Determination of ΔG0 values for CO2 Capture by Butylamine
and KDDE

For each pH value, K1(R) can be calculated from its definition
(Eq. 1) with the knowledge of the substrate concentrations
[CO2] and [R� NH2] and the product concentration
[R� NH� COOH], and the Gibbs free energy for reaction R1 can
then be determined using ΔG0= � RT · ln(Keq). This evaluation
requires multiequilibria analysis together with the initial con-
centrations [HCO3

� ]0 and [R� NH2]0, the pH values, and the
daughter/parent ratio X of Table 6 and Table 7.
Both Table 6 and Table 7 contain one column that specifies

the amine concentration in the reaction mixture. This amine
concentration only depends on the measured daughter/parent
ratio X and the equilibrium constant K4. The latter is assumed to
be the same for butylamine and KDDE. The specific points
included in Figure 1 corres-pond to the mole fraction f(R-NH2)
in the measured multi-equilibria for butylamine (red square)
and KDDE (yellow circle), respectively. In those pH ranges, the

fractions for CO2 and carbamate do not noticeably differ from
zero and unity, respectively.
Table 6 and Table 7 contain two columns each for the

concentration of CO2 because we employed two values for K2.
We also calculated the carbamate and carbamic acid concen-
trations with two K5 values; the resulting carbamate concen-
trations are the same in the first four digits and we only report
one set the concentrations of carbamate and carbamic acid.
Because of the uncertainties in K2 and K5, we computed ΔG1

values with four sets I–IV of K2 and K5 combinations. The four
sets of ΔG1(Bu) are plotted on the left of Figure 11 as a function
of pH and the respective ΔG1(KDDE) are plotted in the same
format on the right in Figure 11.
The range of the K2 and K5 values both affect ΔG1 by about

0.25 kcal/mol. Because ΔG1 is lowered by a decrease in pK2 and
an increase in pK5, the entire range of likely ΔG1 values covers
about 0.5 kcal/mol. The ΔG1 values for sets I–IV vary with pH
and there is a more pronounced increase at higher pH for
KDDE. The green shading in Figure 11 indicates the pH range
with highest mole fraction Y. The experimental error associated
with X is minimized for measurements close to maximum
carbamylation, that is, at pH=10.28 for butylamine and at pH=

10.56 for KDDE. Set III is likely to be the most accurate because
pK2=6.352 and pK5=5.89 are the best values in our judgement.
At those pH values, ΔG1(Bu)= � 1.57 kcal/mol and ΔG1(KDDE)=
� 1.17 kcal/mol. In anticipation of future re-assessments of the
precise values of pK2 and pK5, we present in Figure 12 the ΔG1
planes as a function of pK2 and pK5.

Conclusions

We have demonstrated that the thermochemistry of amine
carbamylation in aqueous solution can be quantified by 1H NMR
spectroscopy. This achievement requires the accurate assign-
ment of the 1H NMR spectra of the amine substrate and the
carbamylation product, the exploration of the pH profile of the
carbamylation reaction, and the solution of a multi-equilibrium
equation system to determine ΔG1(R) for the reaction R� NH2+
CO2 !R� NH� COOH.
We developed the NMR approach initially by studying the

carbamylation of butylamine. We were able to measure the
chemical shifts and relative intensities of butylamine and its

Figure 11. Dependence of the Gibbs free energy ΔG1 of the capture reaction on pH of the butylamine solution (left) and the KDDE solution (right). Blue:
pK2=6.352; Yellow: pK2=6.18; Solid: pK5=5.74; Dashed: pK5=5.89. Compare Table 6 and Table 7 for scenarios I–IV. We argue that set III (yellow solid)
produces the best results.
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carbamic acid for a range of pH values and determine the
carbamylation yield Y and the daughter/parent ratio X. With the
protocol established for the study of the carbamylation reaction
by NMR spectroscopy, we then turned to the more challenging
task of oligopeptide carbamylation at much lower concentra-
tion. The oligopeptide KDDE was synthesized, its 1H and 13C
NMR spectra were completely assigned, and its carbamylation
reaction was also studied as a function of pH in the range of
8�pH�11 to determine the carbamate mole fractions Y and
the daughter/parent ratio X.
We described the determination of ΔG1(R) by solving the

multi-equilibrium equation system with the measurement of
the daughter/parent ratio X, the equilibrium concentration [H+],
the initial concentrations [HCO3

� ]0 and [R� NH2]0, and the
knowledge of the equilibrium constants Km(R), m=2–5. Two K2
values were commonly discussed, the K3 and K4 values are well
established, and K5 has not been directly measured to date. We
determined the alkylcarbamic acid acidity pK5(R) as a function
of the R group based on the known acidity of amino carbamic
acid H2N� COOH and the evaluation of isodesmic reactions with
explicit solvent molecules and partial diffuse function to over-
come basis set superposition errors. For the reaction energy of
the carbamylation of butylamine and KDDE, our best values are
ΔG1(Bu)= � 1.57 kcal/mol and ΔG1(KDDE)= � 1.17 kcal/mol.
Both CO2 capture reactions are modestly exergonic and thereby
ensure reversibility in an energy-efficient manner. These ΔG1
values provide strong evidence for the very possibility of
reversible CO2 capture from air in the presence of water.[26]

While this carbon capture and release system will neither be
fast nor realize high CO2 loadings, this biomimetic process
offers the distinctive advantage of not requiring external
heating. Our simulations have shown that typical temperature
differences between night and day suffice to affect
reversibility.[24]

The CO2 capture reaction could be improved by employing
amines with lower basicity. In near-neutral aqueous solution,
the amino group of lysine in the tetrapeptide will be mostly
protonated (pKa�10.4),

[53] the highest carbamylation yields
occur at 10.2�pH�10.5, and the carbamylation yield is limited
by the very low CO2 concentration in the range where free
amine becomes available. Enzymes have mastered the astound-
ing trick to decrease the pKa of the amino group in the lysine

sidechain significantly to 7.9 (Lys166 in Rhodospirillum rubrum
rubisco),[54,55] 5.9 (essential lysine of acetoacetate
decarboxylase),[56] and even 5.3 (I92 K in staphylococcal
nuclease).[57] The exact value of the pKa of Lys201 in spinach
rubisco remains unknown. In the absence of the protein
envelope of the enzyme active site, one may aim to reduce the
basicity of the sidechain amine of the oligopeptide by chemical
modification to allow for carbamylation to proceed at a lower
pH. It is desirable to access the 5�pH�8 range (grey shading)
as shown in the Figure 13, and this line of research is currently
being explored.[58]

Experimental Section
For brevity, all the synthetic details and the extensive body of NMR
spectra are documented in supporting information, which comes in
three parts concerned with butylamine (SI1), KDDE (SI2), and f3
(SI3), respectively.

NMR Measurements with Water Suppression

NMR spectra were recorded on a 600 MHz Bruker Avance III
spectrometer. 1H, 13C and 2D-NMR spectra were measured at each
pH. Water suppression was accomplished by presaturation during
the relaxation delay and the mixing time to attenuate the water
signal and two pulse programs were employed.[59] In a first
qualitative set of measurements of butylamine carbamylation, we

Figure 12. 3D surface of ΔG1 relative to pK2 and pK5 for butylamine (left) and KDDE (right) measurements.

Figure 13. Low basicity amines allow for carbamylation at lower pH and
higher CO2 concentration.
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used the program “noesygppr1d” and the resulting data are given
in Supporting Information. The water suppression for the quantita-
tive data sets measured for the carbamylations of butylamine and
KDDE was accomplished with the pulse program “zggppr”. The
transmitter frequency offset was assigned the value of 4.696 ppm,
as determined by the chemical shift of the water peak in a
preliminary measurement without presaturation. To further mini-
mize the water signal, small sample volumes were used in the NMR
tube <0.5 mL.

NMR Characterization of Tetrapeptide KDDE

The peptide was synthesized using standard Fmoc solid-phase
peptide chemistry on a multiple peptide synthesizer, and exper-
imental details are provided in supporting information SI2. The
NMR sample was prepared by adding 5 mg of KDDE peptide to
0.6 mL of a solution consisting of 90% H2O and 10% D2O.

1H and
13C NMR spectra were measured along with a variety of 2D-NMR
spectra.

NMR Characterization of Bridged Oligopeptide DPSG-KDDE-
GSPK (“f3”)

Details about the synthesis and NMR spectra recorded for f3 are
provided in the Supporting Information SI3. The 1H and 13C NMR
spectra of f3 in aqueous solution were measured and the spectra
are shown in Figure S1 to Figure S4 along with various 2D-NMR
spectra of f3 (Figure S5–Figure S13). Assignments were made as
with KDDE, and the results are included in Table 1 and Table 2.
While it was possible to completely assign all signals of the KDDE
portion of f3, there are more overlapping signals in the 1H NMR
spectrum, which makes it impossible to fully assign the DPSG and
GSPK sections of the oligopeptide.

Carbamylation of Butylamine

We introduce HCO3
� to the system and rely on the bicarbonate-

carbon dioxide equilibrium to generate CO2 for capture. We
collected the qualitative set of NMR data for butylamine immedi-
ately after the addition of HCO3

� and the quantitative second set
was collected after long equilibration times. While carbamate
formation is a fast equilibrium, the establishment of the bicarbon-
ate/CO2 equilibrium is slow, and the solution pH stabilizes only after
several hours. The quantitative measurements were used for all
thermochemical determinations.

To prepare a sample for the carbamylation measurements, 2.25 mL
(22.7 mmol) of butylamine was added to 97.75 mL of 90%
H2O :10% D2O solution. Then, 1.9125 g (22.77 mmol) of NaHCO3
was added to the solution. Finally, 12 mg of DSS (sodium 4,4-
dimethyl-4-silapentane-1-sulfonate; sodium trimethylsilylpropane-
sulfonate) was added to the bulk solution as an internal standard.
The pH of the sample solutions was measured with an Accumet
AP115 pH meter.

Carbamylation of KDDE

The measurement of the carbamylation reaction of KDDE followed
the protocol developed for butylamine, but the sample concen-
tration of the oligopeptide was roughly 1/30 of the butylamine
concentration. To observe sufficient carbamylation at these low
amine concentrations, we increased the bicarbonate/KDDE ratio.
Thus, 0.3965 g (0.726 mmol) of KDDE was added to 72 mL of 90%
H2O :10% D2O solution. The pH of solution was increased to ca.
8.45 with 3 M NaOH. Bicarbonate (2.92 mmol) was added to achieve

a bicarbonate/KDDE ratio of about 4. A small aliquot of internal
standard DSS was added; 1H NMR signals [ppm]: 0.00, 0.63, 1.78,
2.91; 13C NMR signals [ppm]: 0.00, 17.64, 21.75, 57.02.

Supporting Information Summary

More detailed data and spectra are available in the Supporting
Information. This paper comes with three sets of Supporting
Information. Supporting Information 1 contains all the butyl-
amine related contents. Supporting Information 2 contains the
experimental details of the synthesis of the KDDE tetrapeptide
together with its 1D- and 2D-NMR spectra. Supporting
Information 3 contains the experimental details of the synthesis
of the bridged oligopeptide DPSG-KDDE-GSPK (“f3”) together
with its 1D- and 2D-NMR spectra. Additional references cited
within the Supporting Information.[60–83]
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