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Novel pyrazine carboxamides bearing hydrophilic poly(ethylene glycol) (PEG) moieties were designed,
synthesized, and evaluated for use as fluorescent glomerular filtration rate (GFR) tracer agents. Among
these, compounds 4d and 5c that contain about 48 ethylene oxide units in the PEG chain exhibited the
most favorable physicochemical and renal clearance properties. In vitro studies show that these two com-
pounds have low plasma protein binding, a necessary condition for renal excretion. In vivo animal model
results show that 4d and 5c have a higher urine recovery of the injected dose than iothalamate (a com-
monly considered gold standard GFR agent). Pharmacokinetic studies show that these two compounds
exhibit a plasma clearance equivalent to iothalamate, but with a faster (i.e. lower) terminal half-life than
iothalamate (possibly from restricted distribution into the extracellular space due to large molecular size
and hydrodynamic volume). Furthermore, the plasma clearance of 4d and 5c remained unchanged upon
blockage of the tubular secretion pathway with probenecid, a necessary condition for establishment of
clearance via glomerular filtration exclusively. Finally, noninvasive real-time monitoring of this class of
compounds was demonstrated by pharmacokinetic clearance of 5c by optical measurements in rat
model, which correlates strongly with plasma concentration of the tracer. Hence, 4d and 5c are promising
candidates for translation to the clinic as exogenous fluorescent tracer agents in real-time point-of-care
monitoring of GFR.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction ance of exogenous tracer agents9 is highly desirable because it will
Glomerular filtration rate (GFR), which measures the amount of
ultrafiltrate of plasma produced by kidney within a given time, is
now widely accepted as the best indicator of renal function in
the state of health and disease. The clinical guidelines formulated
by the National Kidney Foundation advocate use of GFR in the stag-
ing of kidney disease brought about by chronic or acute clinical,
physiological, and pathological conditions.1 Driven primarily by
the low-cost and convenience, endogenous serum creatinine2,3

and estimated GFR (eGFR)4,5 based on serum creatinine concentra-
tion continue to be widely reported by clinical laboratories as a
first line test of renal function despite the many known limitations
of these methods.6–8 Measured GFR using urinary or plasma clear-
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obviate the variability imposed by anthropometric factors. There-
fore, for the past decade, the use of non-radioactive iothalamate
(sodium 5-acetamido-2,4,6-triiodo-N-methylisophthalamate)10,11

has become the standard of practice for the measurement of GFR.
However, complexity of measurement protocols such as the time
consuming HPLC analysis of plasma samples makes this method
unsuitable for continuous monitoring of renal function at the bed-
side. Real-time monitoring of renal function was originally demon-
strated by Rabito et al.12,13 by measurement of clearance of the
glomerular filtration agent 99mTc-DTPA, involves undesirable han-
dling and disposal of radioactivity. Thus, there is considerable
interest in the development of exogenous fluorescent tracers for
the continuous, real-time, and accurate measurement of GFR via
transcutaneous fluorescent methods using dye conjugates14–18

and metal complexes.19,20 Utilization of FITC-inulin15,17 and
FITC-sinistrin16,18 involves the complications associated with avail-
ability in pure form and immunogenicity of the polysaccharides,
whereas metal complexes like carbostyril124-DTPA-Eu involves
unfavorable physicochemical properties that is, excitation of the
tracer occurring in the UV region.19

We had recently successfully demonstrated that hydrophilic
small molecule pyrazine carboxamide derivatives of the type 2
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and 3 derived from 3,6-diaminopyrazine-2,5-dicarboxylic acid (1)
are viable exogenous fluorescent tracers for the measurement of
GFR ( Fig. 1).21 However, being small molecules (MW <500 Da),
these pyrazine derivatives distribute rather freely into the extra-
cellular fluid (ECF), resulting in a volume of distribution (Vd) simi-
lar to that of iothalamate, and consequently, leads to longer
clearance time than those agents that do not diffuse into the extra-
cellular space. In some applications of this real-time point-of-care
GFR determination methodology, there is an advantage to mini-
mizing the time duration needed to accomplish the measurement.
For example, prior to administration of X-ray or magnetic reso-
nance contrast media, clinicians require a real-time and rapid renal
function assessment such that the usual work flow and throughput
in handling patients is maintained. A GFR agent with a larger rate
constant than the previous constructs may be ideal for such an
application. Since k �GFR/Vd, where k is the rate constant (inver-
sely proportional to the time constant or terminal half-life),
decreasing the volume of distribution will result in faster clear-
ance.22 Therefore, our strategy to accomplish just such a construct
would be to modify the size of pyrazine derivatives such that it
would be substantially restricted to the vasculature, thus reducing
diffusion into the tissue.

These considerations led to the investigation of poly(ethylene
glycol) (PEG) derivatives of our pyrazine scaffold. PEG groups being
biocompatible, non-immunogenic, and non-toxic have been used
to modify therapeutic drugs for enhancement of their pharmacoki-
netic performance in vivo.23,24 Correlation studies between PEG
molecular weight and half-life in blood circulation after intrave-
nous administration in mice have shown that small PEGs are more
rapidly cleared than large ones. For example, the half-life increases
from 18 min to 1 day as the molecular weight increases from 6 to
190 kDa, and moderate molecular weight PEG chains (<6 kDa) are
known to be filtered by the glomerulus and not reabsorbed by
the renal tubules.25 It seems reasonable that pegylated pyrazine
constructs which are small enough to be filtered freely by the kid-
neys, but of significantly larger hydrodynamic volume than small
molecules, should be more confined to the vasculature and less
freely distributed in the ECF. Thus we hypothesized that these
moderate molecular weight (<6 kDa) pegylatged pyrazines would
have higher renal clearance rate constants which would translate
into a less time-consuming bedside GFR measurement. Accord-
ingly, we wish to report the results of our structure–activity rela-
tionship (SAR) studies pertaining to renal clearance on the series
of pegylated pyrazine conjugates (Fig. 2).26 These conjugates may
be divided into two general categories. Compounds 4a–d bear pri-
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Figure 1. Pyrazine scaffold and its previously reported hydrophilic conjugates.
mary amino groups and absorb radiation in the blue region of the
electromagnetic spectrum. Compounds 5–7 are all N-alkylated
pyrazines and absorb radiation in the green region of the spectrum.
2. Results and discussion

2.1. Chemistry

During the synthesis of the low molecular weight hydrophilic
conjugates of the type 2 and 3, EDC–HOBt was employed in the ini-
tial coupling of pyrazinedicarboxylic acid 1 with protected amines
in DMF to give the corresponding carboxamides in excellent yields
(>70%).21 However, such a coupling reaction with m-dPEG12-amine
8c27 afforded only 35% yield of the desired 4c on small scale after
purification by reverse-phase preparative HPLC. Consequently, the
reaction was carried out in the presence of several other coupling
reagents like HBTU, HATU, BOP, and PyBOP to give 54%, 53%, 68%,
and 75%, respectively of the m-dPEG derivative 4c. Thus, PyBOP
seems to be the reagent of choice and m-dPEG derivatives 4a, 4b,
and 4d were accessed in moderate to good yields by reacting 1
with m-dPEG-amines 8a, 8b, and 8d respectively (Scheme 1).

The N-alkylated pyrazine derivatives 5a–c were synthesized by
reductive alkylation28 of 4c with the corresponding m-dPEG-alde-
hyde 9a–c in the presence of 3 equiv each of HOAc and
Na(OAc)3BH in 1,2-dichloroethane (DCE), and the products were
purified by reverse-phase preparative HPLC. Similarly, N-alkylated
derivatives 6a, 6b, and 7a–c were prepared by reductive alkylation
of 4d with propionaldehyde (10a), m-dPEG3-aldehyde 10b,29 and
m-dPEG-aldehydes 9b–d respectively. It was found that additional
amounts of reagents including aldehdyes were typically required
to complete the reaction with lower molecular weight PEG–
aldehydes (m67). It should be mentioned that the pyrazinecarbox-
amides 4c and 4d used in the synthesis of the corresponding
N-alkylated analogs were not always purified by reverse-phase
preparative HPLC. The crude products were either filtered through
YMC C18 silica gel or dialyzed quickly using SpectraPor 7 dialysis
tubing (MWCO 1000) to remove the excess reagents and the
semi-pure compounds were used as such in subsequent reactions
most of the time.
2.2. In vitro studies

The absorption (kabs) and emission (kem) maxima and plasma
protein binding (PPB) were measured for the PEG–pyrazine conju-
gates 4a–d, 5a–c, 6a–b, and 7a–c. The results are summarized in
Table 1, along with previously reported data for the small molecule
pyrazines 2 and 3 and GFR standard iothalamate. The PEG–pyra-
zine derivatives bearing primary amino groups 4a–d exhibited
absorption maxima in the range of 435–440 nm (blue) and emis-
sion maxima in the range of 555–560 nm (green). The N-alkylated
PEG–pyrazines 5a–c, 6a–b and 7a–c exhibited absorption maxima
in the range of 490–500 nm (green) and emission maxima in the
range of 595–610 nm (orange).

Protein binding results indicated that the diaminopyrazines 4a–
d bind minimally to plasma proteins with PPB <5%, which are sim-
ilar to or better than that of currently accepted GFR standard
iothalamate. Compounds 5a–c, obtained by N-alkylation of 4c,
exhibited negligible protein binding analogous to the parent com-
pound. On the other hand, N-alkylation of 4d resulted in analogs 6
and 7 that displayed varying levels of protein binding depending
on the size of the groups. As would be expected, compound 6a that
contain hydrophobic propyl groups, showed 13% protein binding.
In the PEG series 6b and 7a–c, protein binding increased with
increasing PEG size, and compounds 7b and 7c exhibited as much
as 40% protein binding.
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Figure 2. Pegylated pyrazine-based GFR tracer agents.
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Table 1
Absorption, emission, plasma protein binding, and %ID recovery in urine

Compound kabs (nm) kem (nm) PPBa (%) %ID recovered in urine through 6 hb

Iothalamate NAc NA 10d 80 ± 2 (6)e

2 435 557 0 90 ± 1 (3)
3 484 594 6 88 ± 2 (3)

4a 436 557 0 41 ± 1 (6)
4b 438 557 0 45 ± 3 (6)
4c 437 558 0 71 ± 9 (3)
4d 439 559 5 96 ± 1 (6)
5a 491 603 0 86 ± 1 (3)
5b 498 605 1 87 ± 1 (3)
5c 499 604 3 97 ± 1 (3)
6a 496 611 13 85 ± 2 (3)
6b 490 594 11 96 ± 1 (3)
7a 498 602 30 92 ± 4 (3)
7b 499 602 41 89 ± 2 (3)
7c 495 603 39 86 ± 7 (3)

a Measured to ±3%.
b Results are expressed as the mean ± SEM.
c Not applicable.
d Reference30.
e Numbers in parentheses indicate number of test animals.
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Figure 3. Plasma concentration versus time after bolus intravenous injection of 5c
in rat model.

Table 2
Plasma clearance half-lives, and steady-state volume of distribution for selected
compoundsa,b

Compound Plasma half-life (min) Plasma Vd (mL)

Iothalamate 32 ± 2 (4)c 104 ± 1
2 29 ± 1 (9) 83 ± 3
4c 20 ± 1 (3) 70 ± 2
4d 25 ± 1 (5) 64 ± 3
5c 19 ± 1 (3) 61 ± 1
7b 31 ± 3 (3) 68 ± 7

a Results are expressed as the mean ± SEM.
b Terminal phase half-life and volume of distribution from two compartment

modeling.
c Numbers in parentheses indicate number of test animals.
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2.3. In vivo studies

All in vivo studies were performed with Sprague–Dawley rats.
All new compounds were profiled for urinary elimination and the
urine was collected through 6 h after the administration of the tra-
cer agent. Percent injected dose (%ID) of each compound recovered
in the urine is given in Table 1. Among the PEG–pyrazine conju-
gates with diamino groups 4a�d, increase in %ID recovered in
urine was observed with concomitant increase in the length,
molecular weight, and hydrodynamic volume of PEG side chains.
This ultimately resulted in compound 4d with two 24-mer PEGs
displaying 96%ID recovered in urine after 6 h. Similarly, among
the series 5a�c obtained from 4c, %ID recovered in the urine in-
creased with increasing PEG size, and the compound 5c with four
12-mer PEGs showed the highest %ID recovered in urine at 97%.
In contrast, such a trend was not observed among the compounds
in the series 6b and 7a–c. Compound 7c, which contains four 24-
mer PEGs displayed 86% recovery suggesting that there is a limit
to the size of the PEG groups tolerated, and reaches an optimum
value of 48 PEG units (cf. compounds 4d and 5c). Nevertheless,
the %ID recovered in urine in all these compounds is superior
(i.e. greater) to that of iothalamate. Compounds 7a–c displayed
elevated PPB values with respect to the other compounds that have
high values of %ID recovered in urine. Since PEG polymers are
highly hydrated with two water molecules per ethylene glycol
unit,31 it is possible that these compounds with relatively larger
apparent molecular size are not readily filtered through the mem-
brane in the ultrafiltration during the assay leading to higher mea-
sured protein binding compared to 4d.

The pharmacokinetic profiles of PEG–pyrazine conjugates were
assessed by determining plasma concentrations of the tracer
agents by HPLC at 0, 2, 6, and 24 h post administration of the in-
jected dose. A typical pharmacokinetic profile depicting plasma
concentration of compound 5c over time is shown in the Figure
3. Terminal phase plasma half-lives (related to k�1) and steady
state volume of distribution for selected compounds 4c, 4d, 5c,
and 7b, along with comparators iothalamate and the small mole-
cule pyrazine 2, are given in Table 2. A trend toward shorter termi-
nal half-life and lower volume of distribution with respect to both
comparators is seen, which supports our strategy that PEGylation
does minimize partitioning into the extracellular fluid producing
a lower Vd and hence higher rate constant k, that could potentially
lead to a faster GFR measurement. Compound 7b containing more



Table 3
Effect of probenecid on the clearance of selected compoundsa

Compound Clearance (mL/min)

No probenecid Probenecid (70 mg/kg)

99mTc-MAG3 9.3 ± 0.4 (4)b 3.9 ± 0.6 (5)
Iothalamate 2.5 ± 0.2 (4) 2.2 ± 0.2 (5)
4d 2.8 ± 0.1 (5) 2.7 ± 0.2 (6)
5c 3.1 ± 0.2 (3) 3.3 ± 0.1 (3)

a The values are given as mean ± SEM.
b Numbers in parentheses indicate number of test animals.
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Figure 4. Fluorescence measured at the rat ear as a function of time for compound
5c.
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Figure 5. Correlation between plasma concentration and fluorescence intensity of
5c.
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than 48 PEG units cleared slower than all other pegylated deriva-
tives. The optimal molecular size may have been reached with 48
PEG units (cf. compounds 4d and 5c), and it is possible that the dif-
fusion of the relatively larger 7b molecule out of the renal capillar-
ies and into the glomerulus may be impeded due to its size. On the
basis of SAR studies discussed so far, it can be concluded that the
renal clearance properties of pegylated pyrazines 4d and 5c are
clearly superior to that of the standard iothalamate.

To determine whether renal tubular secretion had any effect on
the clearance of these pegylated compounds, separate pharmacoki-
netic experiments involving blockage of tubular secretion pathway
using probenecid [p-(dipropylsulfamoyl)benzoic acid] were con-
ducted.32 The in vivo clearance of two selected pegylated pyrazine
compounds 4d and 5c along with comparator iothalamate was
measured with and without probenecid. In addition, 99mTc-MAG3,
a radioscintigraphic imaging agent that is known to clear via the
tubular secretion pathway,32,33 was employed as a positive control.
The results of the blocking study are summarized in Table 3. While
probenecid significantly decreased the clearance of 99mTc-MAG3

(p = 0.001), it did not affect clearance of iothalamate (p >0.05) as
would be expected for non-GFR and GFR agents respectively. Sim-
ilar to iothalamate, compounds 4d and 5c did not exhibit signifi-
cant differences in clearance rates (p >0.05) in the absence and
presence of probenecid. Therefore, it can be concluded that com-
pounds 4d and 5c are cleared exclusively by glomerular filtration
in the rat model.

The noninvasive real-time monitoring of plasma clearance of
the tracer agents was accomplished by optical methods in the rat
model.14 The time dependence of fluorescence measured at the
rat ear post tail-vein injection of 1 mL of a 2 mM solution of the
compound 5c in PBS is shown in Figure 4. The clearance curve indi-
cate a biphasic elimination profile with free distribution from
blood into the tissue and the resultant fit of the data to a two com-
partment pharmacokinetic model gave a terminal half-life of about
22 min, which is comparable to plasma half-life of 19 min mea-
sured by invasive pharmacokinetic studies. Finally, in order to
ascertain whether the optical clearance profile parallels actual con-
centration of the tracer in plasma, fluorescence response from the
optical monitoring experiment was plotted against plasma concen-
tration of 5c obtained by HPLC analysis of the blood samples drawn
at various intervals over the same time period (Fig. 5). As expected,
optical measurement for clearance is very well correlated with the
actual plasma concentration (r2 = 0.998) in the terminal phase.
Thus, plasma clearance of the tracer determined from fluorescence
decay data can be reliably be used to estimate GFR.

3. Conclusions

Based on the fluorescence properties, plasma protein binding
data, injected dose recovered in urine, probenecid blocking studies,
plasma clearance data, and strong correlation between plasma
concentration of the tracer and fluorescence intensity, the pegylat-
ed pyrazine compounds 4d and 5c are viable candidates for the
measurement of GFR. In the rat animal model, these compounds
displayed superior properties compared to iothalamate, which is
currently an accepted standard for the measurement of GFR. These
pegylated pyrazine compounds had a lower volume of distribution,
lower terminal half-life, and a higher recovery in urine than previ-
ously reported small molecule pyrazine 2.21 Thus, a faster GFR
measurement may be achieved with pegylated pyrazine than with
the small molecule pyrazine. The noninvasive real-time monitor-
ing of this class of compounds was demonstrated by following
the clearance of 5c by decrease in the fluorescence intensity mea-
sured at the ear as a function of time in the rat model. The selection
of the clinical candidates based on secondary considerations such
as cost, synthetic ease, toxicity, tissue optic properties, along with
instrumental design and appropriate algorithms for accurate deter-
mination of GFR are in progress.
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4. Experimental

4.1. Chemistry

Unless otherwise noted, all solvents and reagents were used as
supplied. Organic extracts were dried over either anhyd Na2SO4 or
anhyd MgSO4 and filtered using a fluted filter paper (P8) or a fritted
glass funnel. Solvents were removed on a rotary evaporator under
reduced pressure. RP-LC/MS (ESI, positive ion mode) analyses were
carried out on either a BDS Hypersil C18 3 lm (50 � 4.6 mm) or a
ThermoElectron Hypersil Gold C18 3 lm (50 � 4.6 mm) column.
Compounds were injected using a gradient condition (5% B/
0 min, 5% B/1 min, 95% B/4 min, 95% B/6 min) with a flow rate of
1 mL/min (mobile phase A: 0.05% TFA in H2O; mobile phase B:
0.05% TFA in CH3CN; kmax: PDA (200–600 nm). Preparative RP-
HPLC was carried out using a Waters XBrdige™ Prep C18 5 lm
OBD™ 30 � 150 mm [kmax: PDA (200–800 nm); flow: 50 mL/min;
gradient: 5 to 30–40 to 95% B/7–25 min; mobile phase A: 0.1%
TFA in H2O; mobile phase B: 0.1% TFA in CH3CN]. Certain com-
pounds required the removal of TFA prior to additional in vivo
studies. In these cases, free amines were isolated by washing with
NaHCO3. RP-HPLC analyses were carried out using a Phenomenex
Luna 5 lm C18(2) 100 Å 250 � 4.6 mm column [kmax: 264 or
280 nm; flow: 1 mL/min; gradient: 20% B/0 min, 20% B/3 min,
80% B/20 min; mobile phase A: 0.1% TFA in H2O; mobile phase B:
0.1% TFA in CH3CN)], and the chromatographic purities of all the
compounds were P95%. UV/Vis and Fluorescence spectra were
measured on a Shimadzu UV-3101 PC and Jobin Yvon Fluoro-
log�-3 spectrometers respectively. NMR spectra were recorded
on either a Varian Gemini-300 or a VNMRS-500 spectrometer. 1H
Chemical shifts are expressed in parts per million (d) relative to
TMS (d = 0) as an internal standard. 13C Chemical shifts are refer-
enced to either TMS (d = 0) or the residual solvent peaks in the
spectra. Coupling constants (J) are reported in Hz. HRMS (ESI) data
was obtained on a ThermoFisher LTQ-Orbitrap mass spectrometer
equipped with an IonMax electrospray ionization source in FTMS
mode with resolution P30 K. Elemental analyses were carried
out by Atlantic Microlab, Inc., Norcross, GA.
4.1.1. Representative procedure for the preparation of pyrazine
carboxmide 4c and its analogs 4a, 4b, and 4d. 3,6-Diamino-
N2,N5-di(2,5,8,11,14,17,20,23,26,29,32,35-dodecaoxahepta-
triacontan-37-yl)pyrazine-2,5-dicarboxamide (4c)

A 2 litre round-bottom flask equipped with a magnetic stir bar
was charged with diacid 1 (3.50 g, 17.7 mmol),34,35 m-dPEG12-
amine (8c, 22.5 g, 40.2 mmol), and PyBOP (21.4 g, 41.1 mmol) in
anhyd DMF (1 L) and purged with argon. Then Et3N (50 mL) was
slowly added to the suspension, and within an hour, all the reac-
tants appeared dissolved leading to a dark red solution. The reac-
tion mixture was stirred overnight at rt, concentrated under high
vacuum to give 30.8 g of the crude product as dark red oil, which
was subjected to purification by reverse phase preparative HPLC
[column: Waters XBrdige™ Prep C18 5 lm OBD™ 30 � 150 mm;
kmax: PDA (200–800 nm), flow rate: 50 mL/min; gradient: mobile
phase A:B 95:5/0 min, 95:5/1 min, 50:50/8 min, 5:95/8.1 min,
5:95/10 min (A: 0.1% TFA/H2O, B: 0.1% TFA/CH3CN)]. The product
containing fractions were concentrated in vacuo, the residue was
dissolved in CHCl3 (150 mL), and washed successively with satd.
NaHCO3 (2 � 75 mL) and brine (75 mL). The CHCl3 layer was dried
over Na2SO4, filtered, and evaporated to dryness. The gummy res-
idue was co-evaporated with 200 proof EtOH and then dried over-
night under high vacuum at 40 �C to give 4c (13.4 g, 59%) as bright
orange solid: 1H NMR (CDCl3) d 8.13 (t, J = 5.8 Hz, 2H), 6.06 (s, 4H),
3.69–3.54 (m, 96H), 3.38 (s, 6H); 13C NMR (CDCl3) d 165.3, 146.6,
126.9, 71.9, 70.6, 70.59, 70.56, 70.5, 70.4, 69.8, 59.0, 39.0; RP-LC/
MS (ESI) m/z 1281.9 (M+H)+ (tR = 3.76 min). Anal. Calcd for
C56H108N6O26: C, 52.49; H, 8.49; N, 6.56. Found: C, 52.23; H,
8.44; N, 6.50.

4.1.1.1. 3,6-Diamino-N2,N5-di(2,5,8,11-tetraoxatridecan-13-
yl)pyrazine-2,5-dicarboxamide (4a). Orange gum, 0.99 g
(65%, salt with TFA): 1H NMR (CDCl3) d 8.16 (t, J = 5.7 Hz, 2H),
4.68 (br, 4H), 3.70–3.54 (m, 32H), 3.37 (s, 6H); 13C NMR (CDCl3)
d 165.3, 146.6, 127.0, 71.9, 70.62, 70.58, 70.55, 70.5, 70.4, 69.8,
59.0, 39.1; RP-LC/MS (ESI) m/z 577.5 (M+H)+ (tR = 3.78 min). HRMS
(ESI) m/z calcd for C24H45N6O10 (M+H)+ 577.3192, found 577.3193;
calcd for C24H44N6O10Na (M+Na)+ 599.3011, found 599.3009.

4.1.1.2. 3,6-Diamino-N2,N5-di(2,5,8,11,14,17,20,23-octaoxa-
pentacosan-25-yl)pyrazine-2,5-dicarboxamide (4b). Or-
ange gum, 0.99 g (78%, salt with TFA): 1H NMR (CDCl3) d 8.16 (t,
J = 5.8 Hz, 2H), 4.20 (br s, 4H), 3.69–3.54 (m, 64H), 3.38 (s, 6H);
13C NMR (CDCl3) d 165.4, 159.7, 159.4, 71.9, 70.6, 70.47, 70.46,
70.4, 60.8, 59.0, 39.1; RP-LC/MS (ESI) m/z 930.1 (M+H)+

(tR = 3.88 min). HRMS (ESI) m/z calcd for C40H77N6O18 (M+H)+

929.5289, found 929.5303; calcd for C40H76N6O18Na (M+Na)+

951.5108, found 951.5119.

4.1.1.3. 3,6-Diamino-N2,N5-di(2,5,8,11,14,17,20,23,26,29,32,35,
38,41,44,47,50,53,56,59,62,65,68,71-tetracosaoxatrihepta-
cont an-73-yl)pyrazine-2,5-dicarboxamide (4d). Red solid,
20.0 g (61%): 1H NMR (CDCl3) d 8.13 (t, J = 5.8 Hz, 2H), 6.06 (s,
4H), 3.68–3.54 (m, 192H), 3.38 (s, 6H); 13C NMR (CDCl3) d 165.3,
146.6, 126.9, 71.9, 70.63, 70.6, 70.56, 70.5, 70.4, 69.8, 59.0, 39.0;
RP-LC/MS (ESI) m/z 1179.1 (M+H+NH4)2+, 1182.0 (M+H+Na)2+

(tR = 3.88 min). Anal. Calcd for C104H204N6O50: C, 53.41; H, 8.79; N,
3.59. Found: C, 53.15; H, 8.81; N, 3.61.

4.1.2. Representative procedure for the preparation of N-
alkylated pyrazine carboxmide 5c and its analogs 5a, 5b, 6a, 6b,
and 7a–c. 3,6-Bis(2,5,8,11,14,17,20,23,26,29,32,35-dodeca-
oxaoctatriacontan-38-ylamino)-N2,N5-di(2,5,8,11,14,17,
20,23,26,29,32,35-dodecaoxaheptatriacontan-37-yl)pyrazine-
2,5-dicarboxamide (5c)

A 500 mL round-bottom flask equipped with a magnetic stir bar
was charged with bis-amide 4c (6.24 g, 4.87 mmol) and dissolved
in anhydrous 1,2-dichloroethane (DCE, 100 mL) under argon atmo-
sphere. To the resulting orange solution, a solution of m-dPEG12-
propionaldehyde (7.34 g, 12.8 mmol) in DCE (25 mL) and glacial
HOAc (0.73 mL, 12.7 mmol) were added in succession. Then so-
dium triacetoxyborohydride (2.71 g, 12.8 mmol) was introduced
in 0.50 g portions over a 1.5 h period each time rinsing the trans-
ferring vial with additional DCE (75 mL total). The resulting red-
dish suspension was stirred overnight at rt in an atmosphere of
argon and the reaction was quenched by a slow addition of satu-
rated NaHCO3 (100 mL). The biphasic mixture was stirred for
30 min, layers were separated, and the aqueous phase was further
extracted with CHCl3 (50 mL). The combined organic extracts were
washed with brine (100 mL) and then dried over Na2SO4. Removal
of solvents in vacuo gave 12.8 g the crude product as a red solid,
which was subjected to purification by reverse phase preparative
HPLC [column: Waters XBrdige™ Prep C18 5 lm OBD™
50 � 250 mm; kmax: 280 nm, flow rate: 50 mL/min; gradient: mo-
bile phase A:B 75:25/0 min, 75:25/5 min, 45:55/40 min, 5:95/
40.01 min, 5:95/45 min (A: 0.1% TFA/H2O, B: 0.1% TFA/CH3CN)].
The product containing fractions were concentrated in vacuo, the
residue was dissolved in CHCl3 (200 mL), and washed successively
with satd. NaHCO3 (2 � 100 mL) and brine (100 mL). The CHCl3

layer was dried over Na2SO4, filtered, and evaporated to dryness.
The red viscous residue was co-evaporated with 200 proof EtOH
and then dried overnight under high vacuum at 40 �C to give 5c
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(7.40 g, 63%) as brick red solid: 1H NMR (DMSO-d6) d 8.42 (t,
J = 5.8 Hz, 2H), 7.88 (t, J = 5.5 Hz, 2H),3.64–3.34 (m, 192H), 3.23
(s, 12H), 1.79–1.75 (quintet, J = 6.4 Hz, 4H); 13C NMR (DMSO-d6)
d 165.9, 145.9, 126.3, 71.7, 70.28, 70.25, 70.2, 70.12, 70.09, 70.05,
69.3, 68.8, 58.5, 39.0, 38.1, 29.8; RP-LC/MS (ESI) m/z 2394.5
(M+H)+, 1197.7 (M+2H)2+ (tR = 4.09 min). Anal. Calcd for
C108H212N6O50: C, 54.16; H, 8.92; N, 3.51. Found: C, 54.31; H,
8.91; N, 3.52.

4.1.2.1. 3,6-Bis(2,5,8,11-tetraoxatetradecan-14-ylamino)-N2,N5-
di(2,5,8,11,14,17,20,23,26,29,32,35-dodecaoxaheptatriacontan-
37-yl)pyrazine-2,5-dicarboxamide (5a). Red oil, 0.391 g
(28% for two steps, salt with TFA): 1H NMR (DMSO-d6) d 8.42 (t,
J = 6.0 Hz, 2H), 3.56–3.40 (m, 128H), 3.24, 3.22 (2 � s, 12H), 1.80–
1.75 (quintet, J = 6.4 Hz, 4H); 13C NMR (DMSO-d6) d 165.9, 145.9,
126.3, 71.74, 71.73, 70.29, 70.28, 70.24. 70.2, 70.12, 70.1, 70.0,
69.3, 68.8, 58.49, 58.48, 39.0, 38.1, 29.7; RP-LC/MS (ESI) m/z
854.1 (M+H+NH4)2+ (tR = 4.11 min). HRMS (ESI) m/z calcd for
C76H149N6O34 (M+H)+ 1690.0109, found 1690.0182; calcd for
C76H148N6O34Na (M+Na)+ 1711.9929, found 1711.9989.

4.1.2.2. 3,6-Bis(2,5,8,11,14,17,20,23-octaoxahexacosan-26-
ylamino)-N2,N5-di(2,5,8,11,14,17,20,23,26,29,32,35-dodecaoxa-
heptatriacontan-37-yl)pyrazine-2,5-dicarboxamide (5b). Red
oil, 0.237 g (14% for two steps, salt with TFA): 1H NMR (DMSO-d6)
d 8.41 (t, J = 6.0 Hz, 2H), 3.56–3.40 (m, 160H), 3.24, 3.22 (2 � s, 12H),
1.79–1.74 (quintet, J = 6.4 Hz, 4H); 13C NMR (DMSO-d6) d 165.9,
145.9, 126.3, 71.7, 70.28, 70.24, 70.2, 70.12, 70.09, 70.05, 69.3, 68.8,
58.5, 39.0, 38.1, 29.8; RP-LC/MS (ESI) m/z 1022.2 (M+2H)2+

(tR = 4.11 min). HRMS (ESI) m/z calcd for C92H181N6O42 (M+H)+

2042.2206, found 2042.2082; calcd for C92H180N6O42Na (M+Na)+

2064.2026, found 2064.2030.

4.1.2.3. 3,6-Bis(propylamino)-N2,N5-di(2,5,8,11,14,17,20,23,
26,29,32,35,38,41,44,47,50,53,56,59,62,65,68,71-tetracosaoxatri-
heptacontan-73-yl)pyrazine-2,5-dicarboxamide (6a). Brick
red sticky solid, 0.281 g (13% for two steps, salt with TFA): 1H
NMR (DMSO-d6) d 8.40 (t, J = 6.0 Hz, 2H), 3.64–3.33 (m, 196H),
3.22 (s, 6H), 1.58–1.51 (sextet, J = 7.0 Hz, 4H), 0.92 (t, J = 7.4 Hz,
6H); RP-LC/MS (ESI) m/z 808.6 (M+3H)3+ 1212.2 (M+2H)2+

(tR = 4.18 min). HRMS (ESI) m/z calcd for C110H218N6O56 (M+2H)2+

1211.7345, found 1211.7343; calcd for C110H217N6O56Na (M+H
+Na)2+ 1222.7254, found 1222.7256.

4.1.2.4. 3,6-Bis((2-(2-(2-methoxyethoxy)ethoxy)ethyl)amino)-
N2,N5-di(2,5,8,11,14,17,20,23,26,29,32,35,38,41,44,47,50,53,56,
59,62,65,68,71-tetracosaoxatriheptacontan-73-yl)pyra-
zine-2,5-dicarboxamide (6b). Red gum, 0.538 g (39% for two
steps, salt with TFA): 1H NMR (DMSO-d6) d 8.50 (br t, 2H), 4.15 (br,
2H), 3.66–3.34 (m, 216H), 3.24, 3.23 (2 � s, 6H); RP-LC/MS (ESI) m/
z 1315.73 (M+2H)2+, 877.27 (M+3H)3+ (tR = 16.11 min), 1325.3
(M+H+NH4)2+ (tR = 4.04 min). HRMS (ESI) m/z calcd for
C118H233N6O56Na (M+H+Na)2+ 1326.7728, found 1326.7721; calcd
for C118H232N6O56Na (M+Na)+ 2652.5383, found 2652.5328.

4.1.2.5. 3,6-Bis(2,5,8,11,14,17,20,23-octaoxahexacosan-26-yl-
amino)-N2,N5-di(2,5,8,11,14,17,20,23,26,29,32,35,38,41,44,47,
50,53,56,59,62,65,68,71-tetracosaoxatriheptacontan-73-yl)-
pyrazine-2,5-dicarboxamide (7a). Brick red, 0.625 g (44% for
two steps, salt with TFA): 1H NMR (DMSO-d6) d 8.42 (t, J = 6.0 Hz,
2H), 7.90 (br, 2H), 3.67–3.40 (m, 256H), 3.24, 3.23 (2 � s, 12H),
1.80–1.75 (quintet, J = 6.4 Hz, 4H); RP-LC/MS (ESI) m/z 1033.7
(M+3H)3+, 1559.3 (M+H+NH4)2+ (tR = 4.08 min). HRMS (ESI) m/z
calcd for C140H276N6O66Na2 (M+2Na)2+ 1571.9105, found
1571.9145.
4.1.2.6. 3,6-Bis(2,5,8,11,14,17,20,23,26,29,32,35-dodecaoxa-
octatriacontan-38-ylamino)-N2,N5-di(2,5,8,11,14,17,20,23,26,
29,32,35,38,41,44,47, 50,53,56,59,62, 65,68,71-tetracosaoxatri-
heptacontan-73-yl)pyrazine-2,5-dicarboxamide (7b). Red
solid, 1.84 g (36% for two steps): 1H NMR (DMSO-d6) d 8.41 (t,
J = 5.9 Hz, 2H), 7.88 (t, J = 5.5 Hz, 2H), 3.55–3.41 (m, 288H), 3.233,
3.230 (2 � s, 12H), 1.79–1.74 (quintet, J = 6.4 Hz, 4H); 13C NMR
(DMSO-d6) d 165.9, 145.9, 126.3, 71.7, 70.28, 70.25, 70.2, 70.12,
70.1, 70.05, 58.5, 39.0, 38.1, 29.8. Anal. Calcd for C156H308N6O74:
C, 54.28; H, 8.99; N, 2.43. Found: C, 54.09; H, 9.03; N, 2.41.

4.1.2.7. 3,6-Bis(2,5,8,11,14,17,20,23,26,29,32,35,38,41,44,47,50,
53,56,59,62,65,68,71-tetracosaoxatetraheptacontan-74-ylami-
no)-N2,N5-di(2,5,8,11,14,17,20,23,26,29,32,35,38,41,44,47,50,53,
56,59,62,65,68,71-tetracosaoxatriheptacontan-73-yl)pyrazine-
2,5-dicarboxamide (7c). Brick red solid, 0.869 g (23% for two
steps, salt with TFA): 1H NMR (DMSO-d6) d 8.46 (t, J = 5.8 Hz, 2H),
7.95 (br, 2H), 3.63–3.42 (m, 384H), 3.24 (s, 12H), 1.80–1.75 (quin-
tet, J = 6.4 Hz, 4H). HRMS (ESI) m/z calcd for C204H404N6O98Na4

(M+4Na)4+ 1149.6596, found 1149.6617.

4.2. In vitro characterization and In vivo studies

In general, each test compound was dissolved in phosphate buf-
fered saline (PBS) to form a 2 mM stock solution and further di-
luted with PBS as needed.

4.2.1. Photophysical properties and protein binding
The UV absorbance properties were measured on a 100 lM

solution and the fluorescence properties were determined on a
10 lM solution. The percent plasma protein binding was deter-
mined on a 20 lM compound solution in rat plasma incubated at
37 �C for 1 h, and the detailed procedures were described
elsewhere.21

4.2.2. Injected dose recovery in urine, invasive
pharmacokinetic, and probenecid inhibition studies

Recovery of the injected dose in urine studies were conducted
in either conscious or anesthetized Sprague-Dawley rats. Invasive
pharmacokinetic and probenecid studies were carried out in male
Sprague-Dawley rats (330–380 g) that were anesthetized by Inac-
tin (I.P.). In each of the experiments, 1 mL of 2 mM test compound
was administered per rat. The detailed experimental procedures
and the data analyses were described elsewhere.21

4.2.3. Noninvasive optical monitoring studies
Non-invasive optical monitoring studies were performed on

male Sprague–Dawley rats that were anesthetized by Inactin
(I.P.) or 2% isoflurane. The test compound (1 mL, 2 mM in PBS)
was injected into the tail-vein of the rat and the fluorescence signal
corresponding to plasma and tissue distribution and subsequent
renal clearance of the compound was monitored at the ear by plac-
ing it near the common end of the bifurcated fiber optic bundle
that was attached to a laser source (473 nm solid state) and a
detector system. The pharmacokinetic parameters of the com-
pounds were analyzed using WinNonLin pharmacokinetic model-
ing software (Pharsight, Mountain View, CA) and Microsoft
(Redmond, Washington) Excel.
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