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Abstract
Modulation of water exchange in lanthanide(III)-DOTA type complexes has drawn considerable
attention over the past two decades particularly because of their application as contrast agents for
Magnetic Resonance Imaging (MRI). LnDOTA-tetraamide complexes display unusually slow water
exchange kinetics and this chemical property offers an opportunity to use these complexes as a new
type of contrast agent based upon the chemical exchange saturation transfer (CEST) mechanism. Six
new DOTA-tetraamide ligands having side-chain amide arms with varying hydrophobicity and
polarity were prepared and the water exchange characteristic of complexes formed with europium
(III) complexes were investigated. The results show that introduction of steric bulk into the amide
side-chain arms of the europium(III) complexes not only favors formation of the mono-capped
twisted square antiprism (TSAP) coordination isomers, the isomer that is generally less favourable
for CEST, but also accelerates water exchange in the mono-capped square antiprism (SAP) isomers.
However, converting single methyl groups on these bulky arms to carboxyl or carboxyl ethyl esters
results in a rather dramatic decrease in water exchange rates, about 50-fold. Thus, steric bulk, polarity,
hydrophobicity of the amide side-chains, each contribute to organization of water molecules in the
second hydration sphere of the europium(III) ion and this in turn controls water exchange in these
complexes.
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1. Introduction
Magnetic resonance imaging (MRI) is one of the most powerful and versatile techniques in
modern medical diagnostics. MRI contrast originates from differences in tissue proton densities
in water and fat and from inherent differences in water relaxation rates. Image contrast can be
altered further by administration of a paramagnetic contrast agent, typically a Gd(III) chelate,
that shortens the longitudinal relaxation time (T1) of bulk water protons (1,2). Although first
generation contrast agents are now widely used in clinical medicine, the physical properties of
such agents are limited in terms of providing physiological, metabolic or functional information
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(3). A new type of MRI contrast agent has recently been proposed that alters image contrast
by transfer of selectively saturated spins from one chemical pool to another, a process called
chemical exchange saturation transfer (CEST) (4–8). To resolve separate CEST exchange
peaks, the rate of exchange between the two pools (kex) must be less than or equal to the
frequency difference between the two pools (Δω). Hence, larger Δω values allow faster
exchanging systems to meet the CEST requirement. Large Δω values have the added benefit
of reducing any effects of off-resonance saturation of the bulk water signal. These distinct
advantages naturally led to the use of paramagnetic lanthanide ions to induce hyperfine shifts
in the proximate exchangeable protons of ligands, an effect commonly referred to as lanthanide
induced shifts (LIS). The metal-bound water molecule of Ln(III) DOTA-tetraamide complexes
has been shown to exhibit unusually slow water exchange rate and large hyperfine shifts, such
that these complexes meet the general slow-to-intermediate exchange guideline, Δω ≥ kex.
These exogenous paramagnetic CEST (PARACEST) agents show potential for measuring pH
(9), temperature (10), enzyme activity (11,12), metabolities (13,14), metals (15), and tissue
glucose (16–18). CEST contrast is achieved by applying a presaturation pulse at the resonance
frequency of a slow-intermediate exchanging proton site (-NH, -OH, or metal bound water
molecule) of the agent and the resulting saturated or partially saturated spin is transferred to
bulk water via chemical exchange. The net effect of CEST is to reduce the bulk water signal
intensity detected in an imaging experiment, thereby providing negative contrast in an image
similar to that produced by T2 agents. Since the effectiveness of a CEST agent for providing
image contrast is critically dependent upon the water exchange rate (19), modulation of the
water exchange rate can be used to create PARACEST agents that respond to physiological or
biological events. It has been established that the water exchange process of Ln(III)-bound
water molecule on the nine-coordinated complexes (the multidentate ligand occupies eight
sites and one coordinated water molecule) occurs through a dissociative pathway (20). The
parameters that affect water exchange have been intensively studied over the past decade and
found to depend upon the coordination geometry (21–23), steric crowding (24), size of the
central ion (25), and the electron density on ligating atoms (26,27). The europium(III) DOTA-
tetraamide complexes have shown to have the slowest water exchange rates among other
lanthanide(III) DOTA-tetraamide complexes (25). Aime and the coworkers reported that
introduction of bulky, hydrophobic substituents on the amide side-chains results in slowing of
water exchange (24). This report led to the general hypothesis that the properties of side-chains
and the organization of the second hydration sphere around the central Ln(III) ion play major
roles in governing water exchange in such complexes.

The central hypothesis of this study was that introduction of bulky alkyl groups into the side-
chains of europium(III) DOTA-tetraamide complexes should in general result in slower water
exchange and that a simple modification of those same pendant arms to introduce some polarity,
i.e., conversion of methyl group to carboxyl and carboxyl ethyl ester group, will further alter
water organization in the second hydration sphere around the Eu(III) ion and affect water
exchange as well. Subsequently, a series of complexes were prepared that included amide side-
chain substituents of varying size (bulkiness) and polarity (i-Pr, t-Bu, 3-Pentyl, 4-Heptyl,
Me2Gly, Me2GlyEt) (Figure 1) and the CEST properties and water exchange rates of the
resulting europium(III) complexes were investigated both in aqueous solution and in plasma.

2. Results
2.1. High-Resolution 1H NMR Studies

Lanthanide complexes of DOTA-tetraamide ligands can adopt two coordination geometries in
solution that differ in their water exchange kinetics (22,23). The mono-capped square
antiprismatic geometry (SAP) typically displays slower water exchange whereas the mono-
capped twisted square antiprismatic geometry (TSAP) displays faster water exchange (21–
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23,28–30). It has been reported that water exchange in TSAP complexes can be as much as
~50 times faster compared to the corresponding SAP complexes and, for this reason alone,
TSAP complexes are less useful as CEST agents (29). Thus, the SAP/TSAP isomer ratio is an
important parameter to consider in the development of any new complexes as potential
PARACEST agents. The signature of these two coordination isomers is easily seen in high-
resolution 1H NMR spectra of the complexes since a single axial proton on each ethylene unit
of the macrocycle (the H4 proton) experiences a large hyperfine shift in Ln(III) DOTA-based
complexes and the chemical shift of this H4 proton is quite different in the SAP and TSAP
complexes. A comparison of the H4 resonance areas provides a direct readout of the isomer
ratio present in solution. For the EuDOTA-tetraamide complexes, the H4 protons are typically
found between 24 – 36 ppm in the SAP isomer and between 5 – 12 ppm in the TSAP isomer
(31). A distinct H4 proton characteristic of the TSAP coordination isomer was seen in the NMR
spectra of all complexes examined in this study, except for Eu(5). The measured SAP/TSAP
isomer ratios are summarized in Table 1. The data show that the population of the SAP isomer
ranges from a high of near 100 % for the dimethylglycinate analog, Eu(5), to a low of 23 %
for the 4-heptyl analog, (Eu(4)). This pattern was somewhat unexpected because the majority
of other reported EuDOTA-tetraamide derivatives with bulky amide substituents adopt the
SAP conformation nearly exclusively (32). The observation that the TSAP population increases
dramatically from Eu(1) ~ Eu(2) < Eu(3) < Eu(4) indicates that introduction of bulky groups
on the carbon beta to the amide nitrogen has a substantial impact on the population of the TSAP
coordination isomer in solution (Mani, et al., in preparation). Although the TSAP isomer was
not detected by NMR in solutions of Eu(5), this isomer must be present in this sample at least
to a small extent because the exchange processes that interconvert these isomers, either ring
flips or arm rotations, occur even when the concentration of any one isomer is too low to be
detected by NMR. It is also interesting to note that a resonance characteristic of a Eu(III)-bound
water molecule was not observed in any of the complexes (40 mM) listed in Table 1 when
dissolved in pure water at ambient temperatures. This in part indicates that water exchange is
faster in all of the complexes reported here in comparison to that observed in EuDOTA-
(GlyEt)4

3+ where a Eu(III)-bound water signal is detected by high resolution 1H NMR in pure
water solvent at ambient temperatures (7,33).

2.2. CEST studies in water
The most common method for characterizing the CEST properties of such complexes is to
apply a long, frequency-selective presaturation pulse over a range of presaturation frequencies
followed by an observe pulse to monitor the residual bulk water signal remaining at each
frequency. The subsequent plot of residual bulk water signal intensity, Ms/M0, as a function of
saturation frequency is referred to as a Z-spectrum (34) or, more recently, a CEST spectrum.
Such spectra are useful in comparing the CEST properties of such complexes (at equivalent
concentrations) and in measuring the water and/or proton exchange rates that contribute to the
CEST spectrum. The CEST spectra of this series of complexes differed substantially as the
amide substituent was varied from simple alkyl groups to carboxyl groups to esters. The CEST
spectra of Eu(2), Eu(5) and Eu(6) are compared in Figure 2. Three conclusions can be reached
by simple visual inspection of these three spectra. First, water exchange is fastest in Eu(2) and
considerably slower in the two structural analogs, Eu(5) and Eu(6). This shows that the four
bulky t-butyl groups in Eu(2) do not hinder water access to the inner coordination sphere of
the Eu(III) ion but in fact may open and expose the inner-sphere position more to bulk solvent.
Conversion of one methyl group on each R group (in Figure 1) to carboxylates (to yield Eu
(5)) or carboxyl esters (to yield Eu(6)) slows water exchange substantially. The fitting results
are summarized in Table 1. It is important to note that although Eu(1–4) do not strictly satisfy
the slow-to-intermediate exchange condition (τM > Δω), one can still derive water exchange
rates from their CEST spectra because the broad shoulder on the low field side of their central
bulk solvent CEST peaks reflects water exchange in these complexes (37), Interestingly, a plot
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of the CEST magnitude for each sample against the water residence lifetime (Figure 3) displays
the same general shape as that predicted by exchange theory (8,37).

2.3. Comparison of the CEST properties of the complexes in water versus plasma
In anticipation of using these agents in vivo, a series of imaging experiments were first
performed on samples of Eu(2), Eu(5) and Eu(6) dissolved in plasma to evaluate whether the
presence of proteins alters their CEST properties. CEST images were collected near 20°C (the
temperature in the magnet room) as a function of agent concentration and again at a single
agent concentration but at various near physiological temperatures. Those results are
summarized in Table 2 and Table 3. Although some differences were observed between the
images of the Eu(2) samples in plasma versus water at ~20°C, the differences were relatively
small for Eu(6) and insignificant for Eu(5). Although Eu(6) has a comparable CEST effect and
somewhat slower water exchange than Eu(5), it is known that positively charged molecules
such as these are generally toxic in vivo (35), presumably because they bind to cell membrane
surfaces (negatively charged) and disrupt ion pumps and transport systems. The CEST spectra
of 10 mM Eu(5) in water and plasma were not significantly different at 27°C but did differ
somewhat at higher temperatures, 35–39°C (Table 3). The 18–25% smaller CEST effect for
Eu(5) dissolved in plasma suggests that plasma proteins many alter water exchange in this
system at these higher temperatures. The reason for this is not clear at this point, but one could
hypothesize that the amide side-chains of the complex may be more accessible to solvent at
higher temperatures and this may allow greater interactions between the complex and
macromolecules thereby altering water exchange. Acceleration of water exchange by binding
to human serum albumin (HSA) has been reported previously (36). The water residence lifetime
measured from the CEST spectra of Eu(5) in water at 37°C was 28 µs, considerably shorter
than the lifetime measured for this complex at 25°C (104 µs, see Table 1). It is important to
note that the in vitro results reported here do not necessarily translate to the in vivo situation
because CEST is also affected by the bulk water relaxation and other tissue factors that may
differ from organ to organ; however, these in vitro results do serve as a useful guideline.

3. Discussion
The Eu(III) complexes of simple DOTA-monoalkylamides, Eu(1), Eu(2), Eu(3), and Eu(4),
show relatively small CEST effects at 40 mM and all four complexes also display the shortest
water residence lifetimes (τM). An increase in steric bulk of the amide substituent from
isopropyl to t-butyl to 3-pentyl to 4-heptyl resulted in shorter water residence lifetimes.
According to previously published observations for a series of EuDOTA-tetraamide systems
containing bulky benzyl or glycinate ester groups (24), increasing the steric bulk around the
Eu(III) coordination sphere was predicted to increase the bound water lifetime. The present
results show that this rule cannot be generalized for just any bulky substituent - clearly there
are other factors involved. If the model proposed by Aime et al. (24) indicating that a more
solvent exposed Eu(III) coordination sphere (accessible surface area around the Eu(III) ion)
results in a shorter lifetime, then we must conclude that the bulky groups, i-Pr, tert-Bu, 2-pentyl,
and 3-heptyl in Eu(1–4), respectively, experience steric interactions among the side-chains that
result in exposure of the Eu(III)-bound water molecule to more bulk solvent thereby lowering
the activation energy for water exchange. This conclusion is opposite that predicted by the
model of Aime, et al. (24) who concluded that “introduction of a more hydrophobic ligand
surface should raise the free energy of the transition state leading to longer water exchange
lifetimes”.

In addition to bulk steric effects, a second important factor is polarity of the amide substituent.
As suggested in the earlier study, introduction of polar groups should help stabilize second
sphere water molecules through hydrogen bonding interactions and that “any substituents on
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the ligand which can aid the ingress of the exchanging water (such as those with polar head-
groups) should lower the free energy of activation for water exchange”. Nevertheless, Eu(III)
complexes of DOTA-glycyl-n-butyl ester and DOTA-glycyl-benzyl ester were reported to
have the longest bound water lifetimes. To investigate more subtle changes in polarity
versus steric bulk, we prepared an analog of Eu(2) wherein one methyl group on each side-
arm was replaced by a single carboxylate group, yielding Eu(5). This subtle structural change
resulted in a 10-fold increase in bound water lifetime, increasing it from 10 µs in Eu(2) to 104
µs in Eu(5), both measured at 25°C. Given that the steric requirements of these two molecules
should be similar, this indicates that addition of the polar carboxyl group likely stabilizes the
second hydration sphere around the Eu(III) ion which, in turn, stabilizes the inner-sphere water
molecule resulting in slower water exchange. As one adds hydrophobicity to this polar carboxyl
group in the form of an ethyl ester, the water residence lifetime is further lengthened by a factor
of two (compare the lifetimes of Eu(5) (104 µs) and Eu(6) (210 µs)). This trend highlights the
importance of both polarity (Eu(5)) and hydrophobicity (Eu(6)) in slowing water exchange.
We suggest that the polar carboxyl groups stabilize the second hydration sphere structure
thereby establishing a hydrogen bond network that stabilizes the inner-sphere water molecule
while the four hydrophobic ethyl groups likely hinder the access of further incoming water and
decrease the number of water molecules available for an exchange with the single inner-sphere
Eu(III)-bound water molecule. This model is not only consistent with the data presented here
but also consistent with data in (24) where the longest bound water lifetime was found for the
polar, yet hydrophobic EuDOTA-glycyl-esters.

As illustrated in Figure 3, the experimentally determined CEST effects for this series correlates
with the water residence lifetimes as predicted by exchange theory (8). This experimentally
demonstrates that PARACEST agents such as these have an optimal bound water lifetime for
CEST at the magnetic field, applied B1 (23.5 µT) and temperature (25°C) used to collect these
data. Although this relationship indicates that Eu(5) and Eu(6) have near optimal water
exchange rates for optimal CEST using these experimental conditions, the observation that the
water exchange rate in Eu(5) increases substantially (~4-fold) between 25°C and 37°C means
that CEST (Mz/Mo) will be substantially reduced for this compound when it is used in vivo
(37–39°C in mice). This observation emphasizes the importance of measuring water exchange
at 37°C when optimizing the chemistry of the DOTA-tetraamide ligands for in vivo use as
PARACEST agents.

4. Experimental
4.1. NMR spectroscopy

NMR samples for CEST studies were prepared by dissolving the appropriate amount of the
agents in H2O or human blood plasma (650 µl). The pH values of the solutions in pure water
for CEST experiments were adjusted to near pH 7.4 (to be near physiological conditions) by
adding small amount of NaOH or gaseous HCl.

4.2. Fitting CEST spectra to the Bloch equations modified for exchange
The water exchange rates were estimated by fitting the experimental CEST spectra to a three
pool (bound water and amide protons exchanging with bulk water) model based on the
numerical solutions obtained from modified Bloch equations written in MATLAB (The
Mathworks Inc., Natick, MA). This program is available from the authors upon request (37).
The applied B1 field (in Hz) was calibrated prior to collection of the CEST spectra by measuring
the 360° pulse width for bulk water protons as a function of transmitter power level. The T1
of solvent water was measured using a standard inversion recovery sequence without a
presaturation pulse while T2 was estimated from the bulk water linewidth. The following
parameters were included in the fitting procedure: applied field (B1) in Hz, the presaturation
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time, concentrations of exchanging bound water protons and amide protons, T1 (bulk water),
T2 (bulk water), and chemical shifts of the Eu3+-bound water exchange peak and the complex
–NH protons. Since CEST was detected only from the SAP isomer as evidenced by a bound
water exchange peak near 50 ppm, the concentration of the complex was given as that fraction
of the total concentration that exists in solution as the SAP isomer as measured by high
resolution NMR (see Table 1). It was assumed that the TSAP isomer when present in solution
does not affect the fitting procedure (modeling indicates this is a good assumption – data not
shown). The residence lifetime of the Eu(III)-bound water molecule was determined by
averaging the fitting results measured at different B1 values (9.4, 14.1, 18.8, 23.5 µT) except
for Eu(4) where the CEST effect was small even using an applied field of 23.5 µT. Initial
estimates of τM (bound water lifetime) were given along with an upper and lower boundary
values, typically 10–500 µs.

4.3. CEST Imaging of Phantoms
The europium complexes were dissolved either in water or in human plasma containing
NaEDTA (Innovative Research, Novi, Michigan, USA) at various concentrations of agent.
CEST imaging was performed at 9.4 T using a standard spin echo imaging sequence preceded
by a 5 s presaturation hard pulse (B1 = 14.1 µT). The frequency of the presaturation pulse was
set either on the Eu(III)-bound water resonance frequency of each molecule (“on-resonance”)
or at an equal frequency upfield of the water resonance (“off-resonance”). The difference in
water intensities between these two spectra was defined as CEST (%) = (SIoff − SIon) / SIoff ×
100.

4.4. General procedures
All reagents and solvents were purchased from commercial source and used as received, unless
otherwise stated. 1H NMR and 13C NMR were recorded on either a JEOL Eclipse 270
spectrometer operating at 270.17 MHz and 67.5 MHz, or a Bruker Avance III 400 spectrometer
operating at 400.13 MHz and 100.03 MHz, respectively. High resolution 1H NMR and Z-
spectra were recorded on a Varian Inova 500 spectrometer operating at 500 MHz. Infrared
spectra were recorded using a PerkinElmer 1600 Fourier Transform IR spectrometer. Melting
points were recorded on a Fisher/Johns melting point apparatus and are uncorrected.

4.5. Synthesis
4.5.1. 2-Bromo-N-isopropyl-acetamide, (arm-1)—iso-Propylamine (5.0 g, 84.6 mmol)
and potassium carbonate (35 g, 0.254 mol) were dissolved in dichloromethane (200 ml). The
mixture was cooled to 0 °C, and a solution of 2- bromoacetylbromide (8.08 ml, 93.0 mmol)
was added drop-wise with stirring over half an hour. The reaction mixture was stirred at room
temperature for 2 h and then quenched with water (200 mL). The reaction mixture was
transferred to a separatory funnel, and the two phases were separated; the organic layer was
washed with a 5% citric acid solution (200 mL) and then with water (200 mL). The organic
extract was dried (Na2SO4) and the solvents were removed in vacuo. The solid residue was
dried under vacuum to afford the title compound as a colorless solid (9.59 g, 63 %); mp: 62–
64 °C. 1H NMR (400 MHz, CDCl3): δ 1.12 (6H, d, 3JH-H = 6.4 Hz, CH(CH3)2), 3.78 (2H, s,
BrCH2CO), 3.96 (1H, hept, 3JH-H = 6.4 Hz, CH(CH3)2) 6.20 (1H, s br, NH). 13C NMR (67.5
MHz, CDCl3): δ 22.4 (C(CH3)3), 29.4 (C(CH3)3), 42.3 (BrCH2CO), 164.4 (C=O) IR vmax/
cm−1(KBr Disc): 3286 (NH), 3080, 3023, 2974, 2391, 2875, 1646 (C=O), 1559, 1458, 1420,
1386, 1367, 1214, 1169, 1131, 989, 934, 891, 847, 709, 656, 563.

4.5.2. Tetrakis-(N-iso-propyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetracetamide - DOTA-(i-propyl-amide)4, (1)—1,4,7,10-tetraazacyclododecane (1.00 g,
5.8 mmol) and potassium carbonate (9.63 g, 69.7 mol) were dissolved in anhydrous acetonitrile
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(200 mL) with stirring under N2 followed by the addition of arm-1 (4.23 g, 23.5 mmol) at
ambient temperature over half an hour. The reaction mixture was stirred at 65 °C for 48 h.
After cooling the reaction mixture was filtered. The solvents were removed in vacuo. The
residue was dissolved in hot methanol (200 mL) and the mixture was filtered and the solvents
removed in vacuo. The residue was washed with icy water and the solid was dried under vacuum
and then recrystallized from acetonitrile to afford the title compound as a colorless solid (2.45
g, 74 %); mp: 234–236 °C. 1HNMR (400 MHz, CD3OD): δ 1.04 (36H, d, 3JH-H = 6.4 Hz, CH
(CH3)2), 2.93 (16H, s br, ring NCH2), 3.21 (8H, s, NCH2CO), 3.84 (4H, hept, CH
(CH3)2). 13C NMR (100 MHz, CD3OD): δ 22.7 (C(CH3)3), 42.3 (CH(CH3)2), 52.1 (ring
NCH2), 59.2 (NCH2CO), 172.0 (C=O). IR vmax/cm−1 (KBr Disc): 3448 (NH), 3228 (NH),
3060, 2973, 2931, 2832, 1650 (C=O), 1538, 1466, 1452, 1321, 1302, 1267, 1244, 1227, 1172,
1131, 1103, 1021, 963, 933, 809, 701, 602. m/z (ESI-MS+): 570 ([M+H]+, 100%), 592 ([M
+Na]+, 50%), 664 ([M+K]+, 40%). Anal. Calcd for C28H56N8O4.9HCl: C, 37.5; H, 7.3; N,
12.5. Found: C, 37.3; H, 6.9; N, 12.3%.

4.5.3. 2-Bromo-N-tert-butyl-acetamide, (arm-2)—The title compound was synthesized
in an analogous manner to that described for arm-1 using tert-Butylamine (10.0 g, 0.137 mol).
The compound was obtained as a colorless solid (23.14 g, 87 %); mp: 76–78 °C. 1H NMR (270
MHz, CDCl3): δ 1.32 (9H, s, NC(CH3)3), 3.73 (2H, s, BrCH2CO), 6.31 (1H, s br, NH). 13C
NMR (67.5 MHz, CDCl3): δ 28.5 (C(CH3)3), 29.9 (C(CH3)3), 51.9 (BrCH2CO), 164.6 (C=O)
IR vmax/cm−1(KBr Disc): 3309 (NH), 3074, 3011, 2977, 2931, 2869, 1679 (C=O), 1651 (C=O),
1551, 1476, 1452, 1426, 1389, 1359, 1320, 1208, 1141, 934, 779, 676, 653, 575.

4.5.4. Tetrakis-(N-tert-butyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetracetamide - DOTA-(t-Bu-amide)4, (2)—The title compound was synthesized in an
analogous manner to that described for 1 using arm-2 (9.98 g, 50.4 mmol). The compound was
obtained as a colorless solid (8.08 g, 91 %); mp: 222–224 °C. 1HNMR (270 MHz, CD3OD):
δ 1.32 (36H, s, C(CH3)3), 2.90 (16H, s br, ring NCH2), 3.30 (8H, s, NCH2CO), 7.42 (4H, s,
NH). 13C NMR (67.5 MHz, CD3OD): δ 27.7 (C(CH3)3), 50.3 (ring NCH2), 50.6 (C(CH3)3),
58.1 (NCH2CO), 170.8 (C=O). IR vmax/cm−1 (KBr Disc): 3513 (NH), 3284 (NH), 3053, 2968,
2933, 2823, 1673 (C=O), 1537, 1456, 1393, 1367, 1308, 1226, 1101, 1024, 952, 591. m/z (ESI-
MS+): 626 ([M+H]+, 6%), 648 ([M+Na]+, 4%), 664 ([M+K]+, 100%). Anal. Calcd for
C32H64N8O4.4HCl: C, 49.9; H, 8.9; N, 14.5. Found: C, 49.4; H, 8.6; N, 13.8%.

4.5.5. 2-Bromo-N-(1-ethyl-propyl)-acetamide, (arm-3)—The title compound was
synthesized in an analogous manner to that described for arm-1 using 3-Pentylamine (6.69 ml,
57.4 mmol). The compound as a colorless solid (9.76 g, 81 %); mp: 53–54 °C. 1H NMR (400
MHz, CDCl3): δ 0.825 (6H, t, 3JH-H = 7.6 Hz, CH2CH3), 1.30 (2H, m, 3JH-H = 7.6 Hz,
CHCHaHbCH3), 1.47 (2H, m, 3JH-H = 5.2 Hz, CHCHaHbCH3), 3.66 (1H, m, 3JH-H = 5.6 Hz,
CH(CH2CH3)2), 3.83 (2H, s, BrCH2CO), 6.10 (1H, s br, NH). 13C NMR (100 MHz, CDCl3):
δ 10.1 (CH2CH3), 27.2 (CH2CH3), 29.6 (CH(CH2CH3)2), 52.9 (BrCH2CO), 164.9 (C=O) IR
vmax/cm−1(KBr Disc): 3282 (NH), 3087, 3020, 2968, 2934, 2876, 1647 (C=O), 1560, 1458,
1438, 1379, 1322, 1265, 1213, 1161, 1147, 952, 928, 788, 721, 649, 565.

4.5.6. Tetrakis-(N-(1-ethyl-propyl))-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetracetamide - DOTA-(3-pentyl-amide)4, (3)—1,4,7,10-tetraazacyclododecane (1.00 g,
5.80 mmol) and potassium carbonate (9.63 g, 69.6 mmol) were dissolved in dry acetonitrile
anhydrous (200 mL) with stirring under N2 atmosphere followed by the addition of arm-3 (4.89
g, 23.5 mmol) at ambient temperature over half an hour. The reaction mixture was stirred at
65 °C for 48 h. The reaction mixture was then filtered and the solid residues were dissolved in
hot ethanol. The mixture was filtered and the solvents were removed in vacuo and the solid
residue was dried under vacuum to afford the title compound as a colorless solid (1.54 g, 39
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%); mp: 203–204 °C. 1HNMR (270 MHz, CDCl3): δ 0.84 (24H, t, 3JH-H = 7.2 Hz, CH2CH3),
1.37 (16H, m, 3JH-H = 6.9 Hz, CH2CH3), 2.76 (16H, s br, ring NCH2), 3.07 (8H, s br,
NCH2CO), 3.71 (4H, m, 3JH-H = 6.9 Hz, CH(CH2CH3)2), 6.70 (4H, s br, CONH). 13C NMR
(67.5 MHz, CD3Cl): δ 10.5 (CH2CH3), 27.4 (CH2CH3), 51.8 (ring NCH2), 55.3 (NHC
(CH3)2), 52.8 (NHC(CH2CH3)2), 59.6 (NCH2CONH), 170 (C=O). IR vmax/cm−1 (KBr Disc):
3295 (NH), 3075, 2961, 2934, 2874, 2859, 2838, 1661 (C=O), 1638 (C=O), 1550, 1525, 1457,
1376, 1326, 1301, 1285, 1142, 1127, 1091, 998, 981, 721, 586. m/z (ESI-MS+): 682 ([M
+H]+, 100%), 704 ([M+Na]+, 5%). Anal. Calcd for C36H72N8O4: C, 63.5; H, 10.7; N, 16.5.
Found: C, 63.2; H, 10.1; N 16.1.

4.5.7. 2-Bromo-N-(1-propyl-butyl)-acetamide, (arm-4)—The title compound was
synthesized in an analogous manner to that described for arm-1 using 4-Heptylamine (6.53 ml,
43.4 mmol). The compound was obtained as a colorless solid (9.51 g, 93 %); mp: 69–70 °
C. 1H NMR (400 MHz, CDCl3): δ 0.90 (6H, t, 3JH-H = 6.4 Hz, CH2CH2CH3), 1.28 (4H,
m, 3JH-H = 3.6 Hz, CH2CH2CH3), 1.39 (4H, m, 3JH-H = 6.4 Hz, CH2CH2CH3), 3.89 (2H, s,
BrCH2CO), 3.91 (1H, m, 3JH-H = 3.6 Hz, CH(CH2CH2CH3)2), 6.15 (1H, d, 3JH-H = 5.6 Hz,
NH). 13C NMR (100 MHz, CDCl3): δ 14.0 (CH2CH2CH3), 19.0 (CH2CH2CH3), 29.6
(BrCH2CO), 37.2 (CH2CH2CH3), 49.8 (CH(CH2CH2CH3)2), 164.8 (C=O) IR vmax/cm−1(KBr
Disc): 3281 (NH), 3086, 3022, 2958, 2873, 1642 (C=O), 1558, 1463, 1432, 1381, 1323, 1245,
1212, 1146, 971, 900, 745, 714, 665, 588.

4.5.8. Tetrakis-(N-(1-ethyl-propyl))-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetracetamide - DOTA-(4-heptyl-amide)4, (4)—The title compound was synthesized in
an analogous manner to that described for 3 using arm-4 (4.44 g, 18.8 mmol). The compound
was obtained as a colorless crystalline solid (3.24 g, 86 %); mp: 175–177 °C. 1HNMR (270
MHz, CD3Cl): δ 0.85 (24H, t, 3JH-H = 7.2 Hz, CH2CH2CH3), 1.30 (16H, m, 3JH-H = 3.2 Hz,
CH2CH2CH3), 1.39 (16H, m, 3JH-H = 3.2 Hz, CH2CH2CH3), 2.73 (16H, s br, ring NCH2),
3.03 (8H, s, BrCH2CO), 3.91 (1H, br, CH(CH2CH2CH3)2), 6.50 (1H, d, 3JH-H = 9.4 Hz,
NH). 13C NMR (100 MHz, CDCl3): δ 14.0 (CH2CH2CH3), 19.3 (CH2CH2CH3), 37.5
(CH2CH2CH3), 48.5 (CH(CH2CH2CH3)2), 52.8 (ring NCH2), 59.7 (BrCH2CO), 167.0 (C=O)
IR vmax/cm−1 (KBr Disc): 3305 (NH), 3058, 2956, 2933, 2871, 2815, 1647 (C=O), 1542, 1465,
1378, 1298, 1144, 1117, 1086, 1002, 982, 965, 740, 596. m/z (ESI-MS+): 794 ([M+H]+, 100%),
815 ([M+Na]+, 3%). Anal. Calcd for C44H88N8O4.HCl: C, 63.7; H, 10.8; N, 13.5. Found: C,
63.9; H, 10.6; N 13.2.

4.5.9. 2-(2-Bromo-acetylamino)-2-methyl-propionic acid tert-butyl ester,
(arm-5)—The title compound was synthesized in an analogous manner to that described for
arm-1 using 2-Amino-2-methyl-propionic acid tert-butyl ester hydrochloride (5.00 g, 25.6
mmol). The compound was obtained as a colorless solid (6.86 g, 95 %); mp: 55–56 °C. 1H
NMR (270 MHz, CDCl3): δ 1.46 (9H, s, C(CH3)3), 1.56 (6H, s, NHC(CH3)2CO), 3.80 (2H,
BrCH2CO), 7.25 (1H, s, NH). 13C NMR (67.5 MHz, CDCl3): δ 24.0 (NHC(CH3)2CO), 27.8
(C(CH3)3), 29.2 (BrCH2CO), 57.5 (C(CH3)3), 82.3 (NHC(CH3)2CO), 164.5 (CH2CONH),
173.4 (COOC(CH3)3). IR vmax/cm−1 (KBr Disc): 3303 (NH), 3059, 3024, 3003, 2985, 2936,
1728 (C=O), 1650, 1541, 1456, 1385, 1325, 1281, 1252, 1219, 1143, 847, 677, 667, 566.

4.5.10. 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(2-
acetoamino-2methyl-propionic acid) - DOTA-(Me2Gly)4, (5)—1,4,7,10-
tetraazacyclododecane (0.60 g, 3.48 mmol) and potassium carbonate (3.85 g, 27.8 mmol) were
dissolved in acetonitrile anhydrous (200 mL) with stirring under N2 atmosphere followed by
the addition of arm-5 (3.95 g, 14.1 mmol) at ambient temperature over half an hour. The
reaction mixture was stirred at 65 °C for 48 h. The reaction mixture was then filtered and the
solvents were removed in vacuo. The solid residue was dissolved in chloroform (100 mL) and
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water (100 mL). The mixture was transferred to a separatory funnel, and the two phases were
separated; the organic phase was dried (Na2SO4), the solvents were removed in vacuo. The
solid residue was dried under vacuum and tert-butyl ester ligand was obtained as colorless
solid (2.71 g, 96 %) and used in the next step without further purification. tert-Butyl ester
ligand (2.70 g, 2.78 mmol) was dissolved in dioxane (25 mL) followed by the addition of
saturated HCl in dioxane (65 mL). The reaction mixture was stirred at 55 °C for 48 h. The
solvents were removed in vacuo and the solid residue dissolved in water (20 mL). The solvents
were removed by lyophilization to afford the title compound as a pale blue solid (2.37 g, 93
%); mp: 195–197 °C. 1HNMR (270 MHz, D2O): δ 1.45 (24H, s, C(CH3)2), 3.17 (8H, s br, ring
NCH2), 3.30 (8H, s br, ring NCH2), 3.70 (8H, s br, NCH2CO). 13C NMR (67.5 MHz, D2O):
δ 24.3 (NHC(CH3)2), 50.2 (ring NCH2), 55.3 (NHC(CH3)2), 56.4 (NHC(CH3)2), 66.7
(NCH2CONH), 178 (C=O). IR vmax/cm−1 (KBr Disc): 3360 (OH), 3242 (NH), 3058, 2989,
1731 (C=O), 1681 (C=O), 1548, 1472, 1457, 1391, 1365, 1255, 1160, 1086, 608. m/z (ESI-
MS+): 746 ([M+H]+, 100%), 768 ([M+Na]+, 28%). Anal. Calcd for
C32H52N8O12.3HCl.H2O: C, 44.1; H, 7.1; N, 12.9. Found: C, 43.9; H, 7.5; N 12.9.

4.5.11. 2-(2-Bromo-acetylamino)-2-methyl-propionic acid ethyl ester, (arm-6)—
The title compound was synthesized using in an analogous manner to that described for
arm-1 using 2-Amino-2-methyl-propionic acid ethyl ester hydrochloride (5.00 g, 25.6 mmol).
The compound was obtained as a colorless solid (5.81 g, 77 %); mp: 84–87 °C. 1H NMR (400
MHz, CDCl3): δ 1.29 (3H, t, 3JH-H = 7 Hz, OCH2CH3), 1.60 (6H, s, NHC(CH3)2), 3.83 (2H,
s, BrCH2CO), 4.23 (2H, q, 3JH-H = 7 Hz, OCH2CH3), 7.13 (1H, s, br, NH). 13C NMR (100
MHz, CDCl3): δ 14.1 (OCH2CH3), 24.2 (NHC(CH3)2), 29.1 (BrCH2CO), 57.2 (NHC
(CH3)2), 61.8 (OCH2CH3), 164.6 (CONH), 174.2 (COOCH2). IR vmax/cm−1 (KBr Disc): 3259
(NH), 3067, 3004, 2987, 2942, 2873, 1733 (C=O), 1646 (C=O), 1549, 1466, 1365, 1331, 1278,
1165, 1111, 1023, 953, 885, 873, 946, 763, 666, 614, 557, 516, 429.

4.5.12. 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(2-
acetoamino-2methyl-propionic acid ethyl ester) - DOTA-(Me2GlyEt)4, (6)—The
title compound was synthesized in an analogous manner to that described for 1 using arm-6
(2.96 g, 11.8 mmol). The compound was obtained as a colorless crystalline solid (1.17 g, 47
%); mp: 148–150 °C. 1H NMR (400 MHz, CDCl3): δ 1.20 (12H, t, 3JH-H = 7 Hz,
OCH2CH3), 1.46 (24H, s, NHC(CH3)2), 2.69 (16H, s br, ring NCH2), 3.10 (8H, s, NCH2CO),
4.11 (8H, q, 3JH-H = 7 Hz, OCH2CH3), 7.75 (4H, s br, NH). 13C NMR (100 MHz, CDCl3): δ
12.3 (OCH2CH3), 23.1 (NHC(CH3)2), 50.3 (ring NCH2), 54.3 (BrCH2CO), 57.6 (NHC
(CH3)2), 59.6 (OCH2CH3), 168.6 (CONH), 172.9 (COOCH2). IR vmax/cm−1 (KBr Disc): 3267,
(NH), 3050, 2984, 2937, 2806, 1734 (C=O), 1651 (C=O), 1539, 1417, 1454, 1383, 1364, 1276,
1235, 1150, 1112, 1027, 601. m/z (ESI-MS+): 858 ([M+H]+, 100%). Anal. Calcd for
C40H72N8O12: C, 56.1; H, 8.5; N, 13.1. Found: C, 55.7; H, 8.4; N 12.9.

4.5.13. Europium(III) Tetrakis-(N-iso-propyl)-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetracetamide, (Eu(1))—The ligand DOTA-(iPro-
amide)4 (0.100 g, 0.176 mmol) was dissolved in methanol (5 mL) followed by the addition of
a 0.562 M aqueous solution of Europium(III) chloride (0.31 mL, 0.176 mmol). The mixture
was stirred at 50 °C for 48 h. The solution was evaporated to dryness by heating at 85 °C. The
solid residue was taken up into water (5 mL) and was filtered through a 2 µm membrane filter.
Lyophilization of the resulting clear solution afforded the title compound as a colorless solid
which was used in NMR studies without further purification; m/z (ESI-MS+): 721 ([M+H]+,
100%), 756 ([M+Na]+, 10%).

4.5.14. Europium(III) Tetrakis-(N-tert-butyl)-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetracetamide, (Eu(2))—The title compound was
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synthesized in an analogous manner to that described for Eu(1) using the ligand 2 (0.101 g,
0.16 mmol); m/z (ESI-MS+): 776 ([M+H]+, 100%), 812 ([M+Na]+, 12%).

4.5.15. Europium(III) Tetrakis-(N-(1-ethyl-propyl))-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetracetamide, (Eu(3))—The title compound was
synthesized in an analogous manner to that described for Eu(1) using the ligand 3 (0.200 g,
0.294 mmol); m/z (ESI-MS+): 833 ([M+H]+, 100%), 868 ([M+Na]+, 8%), 904 ([M+2Na]+,
2%).

4.5.16. Europium(III) Tetrakis-(N-(1-ethyl-propyl))-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetracetamide, Eu(4)—The title compound was
synthesized in an analogous manner to that described for Eu(1) using the ligand 4 (0.201 g,
0.249 mmol); m/z (ESI-MS+): 944 ([M-CH3]+, 100%), 980 ([M-CH3+Na]+, 26%), 1016 ([M-
CH3+2Na]+, 10%).

4.5.17. Europium(III) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(2-
acetoamino-2methyl-propionic acid), (Eu(5))—The ligand 5 (0.955 g, 1.28 mmol) was
dissolved in water (50 mL). a 0.0293 M aqueous solution of Europium(III) chloride (1.4 mL,
38.1 µmol) was added to the aqueous solution of 2 (2.00 mL, 38.4 µmol) and the solution was
heated at 40 °C. The pH of the solution was then raised to 7 by addition of a dilute potassium
hydroxide solution over 2 h. Lyophilization of the resulting clear solution afforded the complex
as a colorless solid which was used in NMR studies without further purification; m/z (ESI-MS
+): 866 ([M-HCO], 100%), 935 ([M+Na], 74%), 971 ([M+2Na]+, 44%), 1009 ([M+3Na]2+,
68%), 1047 ([M+4Na]3+, 81%).

4.5.18. Europium(III) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(2-
acetoamino-2methyl-propionic acid ethyl ester), (Eu(6))—The title compound was
synthesized using in an analogous manner to that described for Eu(1) using the ligand 6 (0.100
g, 0.116 mmol); m/z (ESI-MS+): 1008 ([M-H]2+, 100%).
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Figure 1.
The Eu(III) DOTA-tetraamide complexes examined in this work.
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Figure 2.
Z-spectra of 40 mM Eu complexes at 500 MHz. The presaturation pulse was a hard square
pulse with irradiation time 4s and B1 = 23.5 µT.
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Figure 3.
A plot of the magnitude of the CEST effect (Mz/M0) measured at 50 ppm (40 mM, 25°C,
irradiation time 4s, and B1 = 23.5 µT) versus the experimental Eu(III)-bound water lifetime in
each complex. A solid curve was drawn through the data to illustrate the trend while the dashed
curve represents the anticipated continuation of this curve based upon theory (8,37).
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Table 3

Comparisons of the CEST intensities from spectral data for 10 mM Eu(5) in either water or plasma at four different
temperatures. (irradiation time 5s, B1 = 18.8 µT).

Temerature (°C) 27 35 37 39

Water 42 39 37 34

Plasma 41 30 28 25
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