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Abstract 
 

GS-441524, a 1′ substituted C glycoside and an adenosine analogue, exhibits broad antiviral activity against RNA viruses. 
Previous research has primarily concentrated on its antiviral properties for humans and animals. Vibrational and electronic 
spectroscopy can enhance our understanding of its structure and function and serve as valuable tools in detection techniques 
and kinetic studies. In this paper, we employed IR and Raman spectroscopy to study its solid form, and UV-VIS 
spectroscopy to examine its aqueous solution. Density Functional Theory (DFT) calculations were utilized to analyze the 
spectra. Specifically, we evaluated the DFT functionals B3LYP, BP86, and CAM-B3LYP in conjunction with the basis 
sets 6-31G(d,p), 6-311G(d,p), and 6-311++G(d,p). The largest basis set, 6-311++G(d,p), performed significantly better 
than the smaller ones in reproducing the experimental results. The BP86 functional most accurately reproduced the 
vibrational spectra, while B3LYP best matched the electronic spectra. By increasing the basis set size, disregarding the 
Tamm-Dancoff approximation (TDA), and accounting for solvent effects using the polarizable continuum model, the 
wavelength, λmax, of the largest peak in the UV-VIS calculations, shifted (increased) by 2, 7.5, and 18 nm towards the 
experimental value, respectively.  
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1. Introduction 
 
Nucleoside analogues, in general, show antiviral activity 
against a variety of viruses including those of HIV, Hepatitis 
B and C among others [1]. The way they work as antiviral 
agents is by mimicking the nucleosides normally found in 
viruses and thus affecting the DNA or RNA synthesis. When 
in drugs, they are generally considered safe and well tolerated 
since they only affect the virus polymerases but not the human 
ones. Specifically, they either block polymerase’s activity or 
lead to the termination of nucleic acid synthesis [2].  
 GS-441524 is a nucleoside analogue of adenosine which 
shows great antiviral properties. The skeletal structure of GS-
441524 is shown in Fig. 1. It is structurally considered a C 
nucleoside, as it consists of one 1′ substituted ribose which 
bonds to a heterocyclic base by a C glycosidic bond, in 
contrast to the N glycosidic bond found in most nucleosides. 
1′ substituted C nucleosides are shown to be very effective 
against various RNA viruses [3].  
 GS-441524 has been proven to be an effective treatment 
against a variety of RNA and DNA viruses such as the African 
Swine Fever Virus (ASFV) and SARS-CoV among others 
[4], [5]. Its most common target is feline coronavirus (FCoV), 
an RNA virus, which is responsible for feline infectious 
peritonitis, a lethal disease in cats [6], [7], [8]. The infection 
is highly contagious, especially amongst cats in catteries and 

shelters that have common food sources and litter facilities 
[9], [10].  
 

 
Fig. 1. Skeletal formula of GS-441524. The atoms in the heterocyclic 
base are numbered 1-9, while the atoms in the substituted ribose are 
numbered using primed numbers 1′-5′. 
 
 GS-441524 was found to be non-toxic in cats at dosages 
up to 100 μM and effectively inhibited FIP virus replication 
at dosages as low as 1 μM [3]. However, it has remained a 
non-approved treatment in many countries, leading many cat 
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owners to obtain it from the black market and use it as a last 
resort, as there have been cases of cats recovering due to GS-
441524 reducing viral replication [11]. More recently, it has 
become legally available to veterinarians in the UK and 
Australia [12], [13]. GS-441524 aids in treating the infection 
by blocking the RNA-dependent RNA polymerase (RdRp) of 
the virus, thereby causing termination of the RNA synthesis 
and minimizing the polyprotein destruction in cells caused by 
the virus [3]. 
 GS-441524 was developed by Gilead Sciences, which is 
an American biopharmaceutical company that specializes in 
researching and developing antiviral drugs [14]. However, 
Gilead Sciences has not pursued the development of GS-
441524, halting its progress [15]. In 2019, the very first pill 
of GS-441524 came out by the Chinese company Mutian Life 
Sciences Co., Ltd named Mutian® Xraphconn targeting FIP, 
which became available in Asia [16]. 
 Due to the COVID-19 pandemic, GS-441524 has also 
been the subject of research to determine its potential as a 
treatment for the disease. Studies have indicated that it 
effectively reduced viral load and have suggested that when 
phosphorylated, GS-441524 can mimic the normal substrates 
of SARS-CoV-2’s RdRp, such as ATP. This resemblance 
leads to the delayed termination of RNA synthesis and 
ultimately results in the virus’s demise [3]. Typically, the 
antiviral activity of GS-441524 and other nucleoside 
analogues becomes activated following phosphorylation by 
deoxyribonucleoside kinases, nucleoside monophosphate 
kinases (NMPKs), and nucleoside diphosphate kinases 
(NDPKs) [17]. 
 While numerous research papers have delved into the 
medicinal and veterinary application of GS-441524, there 
remains a dearth of published work focusing on its 
spectroscopy. Consequently, this study aims to bridge the gap 
by presenting a comprehensive examination of its vibrational 
(infrared and Raman) and electronic (UV-VIS) spectroscopy 
through a combined experimental and theoretical approach. 
Our in-experimental findings are detailed and juxtaposed with 
density functional theory (DFT) calculations for comparison.  
 
 
2. Methods 
 
2.1. Experimental Methods 
 
2.1.1. Infrared Attenuated Total Reflectance (ATR)  
Solid GS-441524 was procured from Activate Scientific and 
utilized without further modification for all the 
measurements. The attenuated total reflection (ATR) spectra 
were recorded within the range of 525-5000 cm-1 using a 45° 
single bounce diamond crystal ATR accessory (Pike 
Technologies, MIRacle) attached to a Fourier-Transform 
mid-infrared spectrometer (Equinox 55 by Bruker Optics) set 
to operate at a resolution of 4 cm-1. In ATR, akin to other 
infrared techniques, the spatial (xy) resolution, representing 
the ability to differentiate between different phases, is ca. 5-
10 μm.  
 The average probing depth, dependent on wavelength, is 
typically a few μm due to the evanescent field of the infrared 
beam’s total reflection from the diamond crystal, which is in 
direct contact with the sample. The sample is held in contact 
with the diamond using a mechanical hand-operated press 
with adjustable fixed pressure. Our ATR accessory features a 
circular disk sampling area of 1.8 mm diameter, rendering 
ATR a surface-sensitive method for bulk characterization 
spectroscopy, particularly advantageous for powder analysis. 

Unlike conventional infrared transmittance measurements, 
this method necessitates no sample preparation and avoids 
issues such as absorption saturation or hydrolysis/ion-
exchange effects, which may arise from mixing with KBr or 
a similar matrix. The data within the frequency range of 1950-
2700 cm-1 may contain artifacts from the diamond accessory 
and carbon dioxide from the atmosphere, and hence, are not 
displayed. 
 
2.1.2. Micro-Raman spectroscopy  
The Raman spectra were collected across the range of 100-
4000 cm-1 utilizing a dispersive confocal Raman spectrometer 
(InVia Reflex by Renishaw) equipped with a microscope and 
a Peltier-cooled CCD camera, operating at a resolution of 1 
cm-1. A solid-state laser emitting at the 785 nm line was 
employed for excitation, maintaining the power on the sample 
below ca. 4.2 mW. An objective lens with a ×50 long working 
distance (N.A. = 0.50) was utilized. The nominal spatial 
resolution is of the order of 1 μm (for a circular laser beam), 
while the sampling area of our laser beam is rectangular 
measuring approximately 20×4 μm. The unpolarized spectra 
presented herein were captured from a single micro-crystallite 
of the sample. 
 
2.1.3. UV-VIS spectroscopy  
The UV-VIS absorption spectra were recorded at room 
temperature using a UV-VIS-NIR spectrophotometer 
(Lambda 19 by Perkin-Elmer) with a resolution of 2 nm. 
Approximately 3 mL of three different concentrations of GS-
441524 solutions (0.0129, 0.0257 and 0.0514 mg/mL) were 
placed in a 1-cm-long quartz cuvette. The measurements were 
conducted over the range of 200–1200 nm, as water absorbs 
strongly above 1400 nm, which would result in very noisy 
spectra. The scan speed was set to 480 nm/min, and a cuvette 
containing distilled water was used as a reference. 
 
2.2. Computational Methods 
The molecular formula of GS-441524 is C12H13N5O4, 
comprising 34 atoms and 152 electrons. Theoretical DFT 
calculations were performed to determine the optimized 
three-dimensional geometry and the spectroscopic properties 
of GS-441524. The initial geometry was based on the atomic 
coordinates provided in the crystallographic file by Wei et al. 
[18]. The structural formula of GS-441524 and the atomic 
labelling scheme are depicted in Fig. 2. The stereochemistry 
of the four chiral centers was determined to be 2R, 3R, 4S, 
and 5R, resulting in the molecular configuration: 
(2R,3R,4S,5R)-2-(4-aminopyrrolo[2,1-f] [1,2,4] triazin-7-
yl)-3,4-dihydroxy-5-(hydroxymethyl)oxolane-2-carbonitrile.  
 All calculations were conducted using the Gaussian 16W 
program, version 1.1 [19], with visualizations carried out 
using the GaussView, version 6.1 [20]. The calculations 
employed the B3LYP [21], BP86 [22], CAM-B3LYP [23] 
functionals in conjunction with the 6-31G(d,p), 6-311G(d,p), 
and 6-311++G(d,p) basis sets. The X, Y, and Z coordinates of 
the optimized geometries are reported in the supporting 
information section (Tables S1-S3) for the B3LYP, BP86, and 
CAM-B3LYP functionals, respectively, using the 6-
311++G(d,p) basis set. The solvent effects were calculated 
using the default polarizable continuum model (PCM) [24]. 
Solvent effects were considered for all the calculations of the 
UV-VIS spectra, while the calculations for the vibrational 
spectra were performed in the gas phase. The Fukui functions 
were extracted using the Gabedit 2.5.1 software [25]. 
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Fig. 2. Structure of GS-441524. The atomic labelling scheme is as used 
in the calculations in this work (Color online; H, C, N, O atoms are 
depicted as white, grey, blue, and red spheres, respectively). 
 
 
3. Results and Discussion 
 
The experimental infrared (IR) spectrum of solid GS-441524 
is shown in Fig. 3, and the experimental Raman spectrum is 
presented in Fig. 4. A comparison between the experimental 
peaks and the theoretical predictions from all functionals 
using the largest basis set, 6-311++G(d,p), is also included. 
The BP86 functional provided the best reproduction of the IR 
and Raman experimental data, showing the lowest overall 
frequency deviations between experimental and theoretical 
values compared to the B3LYP and CAM-B3LYP 
functionals.  
 

 
Fig. 3. Comparison between the experimental infrared spectrum of solid 
GS-441524 and theoretical calculations using the B3LYP/6-
311++G(d,p), BP86/6-311++G(d,p), and CAM-B3LYP/6-311++G(d,p) 
levels of theory. The theoretical spectra have been shifted along the 
intensity axis by 2500 (a.u.) and the experimental spectrum was scaled 
by (2000/0.45)-250 to facilitate comparison. 

 

 
Fig. 4. Comparison between the experimental Raman spectrum of solid 
GS-441524 and theoretical calculations using the B3LYP/6-
311++G(d,p), BP86/6-311++G(d,p), and CAM-B3LYP/6-311++G(d,p) 
levels of theory. The theoretical spectra have been shifted along the 
intensity axis by 50 (a.u.), and the experimental spectrum was divided by 
2000 and displaced by 150 (a.u.) to facilitate comparison. 
 
 The vibrational assignment of 37 infrared and 33 Raman 
experimental peaks, along with a comparison to BP86 
predictions, is detailed in Table S4. Peak assignments were 
primarily made using Socrates [26], in addition to references 
[27], [28], and GaussView 6.1 for the animations of the 
normal modes of vibrations. In the 0-1000 cm-1 region, the 
experimental frequencies are slightly higher than the 
theoretical ones, with BP86 being closest to the experimental 
values. In the 1000-2000 cm-1 region, there is a good 
agreement between the experimental values and those 
predicted by each of the three DFT methods, with B3LYP 
values being closest to the experimental data. In the 2000-
4000 cm-1 region, the experimental frequencies are lower than 
the theoretical predictions, but the BP86 method shows the 
best overall comparison with the experimental data in this 
region and across the entire spectrum. 
 In Figure 4, a comparison between the experimental 
Raman spectrum of solid GS-441524 and the DFT 
calculations is displayed. The agreement between theoretical 
and experimental values is highly satisfactory. The 
comparison between theory and experiment in the assignment 
of the vibrational modes in Table 1 utilizes predictions from 
the BP86 functional, as this method demonstrates overall 
better agreement with the experiments. Despite the DFT 
calculations modeling the isolated molecule in the gas phase, 
the agreement between the theory and experiment is notably 
strong.  
 The experimental UV-VIS spectra of aqueous solutions of 
GS-441524 at concentrations of 0.0129, 0.0257, and 0.0514 
mg / mL are shown in Fig. 5. The spectrum obtained from the 
0.0129 mg/ml solution will be used for comparison with 
theoretical predictions, as its absorbance value is closest to the 
acceptable range (near 1). The global maximum appears 
around 245 nm, with two additional, albeit lower and broader, 
local maxima at approximately 213 and 276 nm. Our 
experimental values for the molar extinction coefficient, ε (M-

1 cm-1) are 38378 at 245 nm and 35461 at 240 nm. These 
values are somewhat higher than those reported by Mulligan 
and Browning [29], who found 25336 at 245 nm and 31710 
at 240 nm. This discrepancy may arise from various factors, 
such as potential impurities in the samples used in this work 
or in [29], which could absorb around 240 nm similar to GS-
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441524, the lower resolution (5 nm) in [29] compared to this 
work (2 nm), solubility issues, and measuring absorbances at 
values significantly greater than 1, indicating that the 
solutions were too concentrated.  
 
Table 1. Assignment of the most characteristic experimental 
(in cm-1) infrared and Raman bands. More details regarding 
the assignment, intensities, and widths of the peaks are 
provided in the supporting information section (Table S4).  

Infrared  Raman  Peak assignment 
3471 - Ο-H stretch 
3425  - O-H stretch 
3334 - N-H stretch (asym.)  
3228 - N-H stretch (sym.) 
3084 3056 C-H stretch  
2243 2245 -C≡Ν stretch 
1658,1610 1664, 

1605 
N-H deformation (triazine, 
aromatic ring), C=N stretching 

1539 with a shoulder 
at 1518 

1541, 
1519 

stretching of aromatic ring 

1016 1016 In-plane deformation of 
aromatic rings, C-O stretching 
alcohols, tetrahydrofurans 

729 717 stretching of aromatic rings 
 
 

 
Fig. 5. UV-VIS spectra of aqueous solutions of GS-441524 at various 
concentrations (shown in the figure). 
 
 A comparison of molar extinction coefficients, ε (M-1 cm-

1), between B3LYP, BP86, and CAM-B3LYP using the 6-
311++G(d,p) basis set is presented in Fig. 6 along with the 
experimental absorbance values. The B3LYP functional 
reproduces the position of the highest peak, λmax, and the 
overall shape of the experimental curve better than the other 
two functionals. The effect of the basis set size on λmax is 
small. For example, in B3LYP calculations without 
accounting for the solvent, the λmax values (in nm) were 
213.61, 214,9, and 216.96 for 6-31G(d,p), 6-311G(d,p), and 
6-311++G(d,p), respectively. When accounting for the 
solvent using the polarizable continuum model (PCM) [24], 
λmax shifted to 234.6. By disregarding the Tamm-Dancoff 
approximation (TDA) [30], the value became 242.03, in 
excellent agreement with the experimental value. The TDA 
(Tamm-Dancoff approximation) simplifies the TD-DFT 
equations by neglecting certain off-diagonal elements that 
involve interactions between electronic excitation and de-
excitation processes. Therefore, the full TD-DFT approach 
may lead to improved accuracy in calculating of transition 
frequencies and oscillator strengths, especially in systems 
with strong electron correlations or complex excited-state 
dynamics. 

 The shapes of the HOMO-1 (orbital with cardinal number 
75a), HOMO (76a), LUMO (77a), and LUMO+1 (78a) 
orbitals from the B3LYP/6-311++G(d,p) calculations in 
aqueous solution are shown in Fig. 7. The electron transition 
between the HOMO and LUMO orbitals corresponds to 
0.17677 eV. The calculated UV-VIS stick spectrum has a 
maximum with an oscillator strength (f) of 0.6890, at 242.03 
nm, consisting of the following transitions (with coefficients 
in parentheses): 73a→77a (0.11567), 75a→77a (0.44624), 
76a→78a (0.47624), and 76a→80a (-0.14116). Additionally, 
the second highest peak is at 218.72 nm with f = 0.0784, 
consisting of: 71a→77a (0.13965), 72a→77a (0.12535), 
75a→77a (0.10034), 76a→79a (-0.11200), 76a→80a 
(0.59832), and 76a→81a (-0.24787). The third highest peak 
is at 270.13 nm with f = 0.0481, consisting of: 75a→77a 
(0.46060), 76a→77a (0.29727), and 76a→78a (-0.42871). 
These three highest theoretical peaks are within about 5 nm 
of the experimental values. As indicated in the orbital shapes 
in Fig. 7, π←π* transitions play a significant role in the peaks. 
 

 
Fig. 6. Comparison between the experimental UV-VIS absorbance (red 
color) of a 0.0129 mg/mL GS-441524 solution in water and the 
theoretical predictions of ε (L mol-1 cm-1) from B3LYP (black), BP86 
(magenta), and CAM-B3LYP (blue) calculations using the 6-
311++G(d,p) basis set. 
 

 
Fig. 7. The frontier molecular orbitals of GS-441524 from B3LYP/6-
311++G(d,p) calculations in aqueous solution: HOMO-1 (75a) -0.25645 
eV, HOMO (76a) -0.23840 eV, LUMO (77a) -0.06163 eV, LUMO+1 
(78a) -0.03591 eV. 
 
 Fukui functions are crucial tools in computational 
chemistry for understanding the reactivity of molecules [31]. 
The function, 𝑓(𝑟), describes the change in the electron 
density at a specific point 𝑟, when the number of electrons in 
the system changes slightly. We have calculated the 𝑓!"(for 
nucleophilic attack), 𝑓!# (for electrophilic attack), 𝑓!$(the 
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average of 𝑓!" and 𝑓!#), and the difference 𝑓!" − 𝑓!#. All the 
values are shown in Table 2. We note that the atom O4 has 
the largest value for nucleophilic attack, while C28 and C29 
have the largest values for electrophilic and radical attack.  
 
Table 2. Local reactivity descriptors of GS-441524 calculated 
at the B3LYP/6-311++G(d,p) level of theory in water solvent.  

Atom Fukui functions 
 Nucleophilic 

attack (𝒇𝒌") 
Electrophilic 
attack (𝒇𝒌") 

Radical 
attack 
(𝒇𝒌𝟎) 

𝜟𝒇
= 𝒇𝒌" − 𝒇𝒌$ 

O1 -0.012147 0.110109 0.048981 0.122256 
O2 0.296754 0.076793 0.186774 -0.219961 
H3 0.009220 -0.000025 0.004598 -0.009245 
O4 0.431303 0.037669 0.234486 -0.393634 
O5 0.096580 0.188304 0.142442 0.091724 
H6 0.219240 0.004512 0.111876 -0.214728 
N7 -0.009692 0.008563 -0.000564 0.018255 
H8 -0.000163 0.011269 0.005553 0.011432 
H9 0.000323 0.002325 0.001324 0.002002 
N10 -0.005287 0.000569 -0.002359 0.005857 
N11 0.001339 0.002474 0.001906 0.001135 
N12 0.020563 -0.004812 0.007875 -0.025374 
N13 0.034618 0.083711 0.059164 0.049093 
C14 0.003978 0.008481 0.006229 0.004503 
H15 0.002880 -0.000174 0.001353 -0.003053 
C16 0.134032 0.181630 0.157831 0.047598 
H17 0.003043 0.000174 0.001608 -0.002869 
C18 0.125242 0.274809 0.200026 0.149567 
C19 0.205179 0.130960 0.168070 -0.074219 
C20 0.141517 0.070630 0.106073 -0.070886 
H21 0.000888 0.046052 0.023470 0.045164 
C22 0.003637 0.062499 0.033068 0.058862 
H23 0.071932 0.014035 0.042984 -0.057896 
H24 0.103535 0.082909 0.093222 -0.020626 
C25 -0.000098 0.054102 0.027002 0.054201 
H26 0.389546 0.197410 0.293478 -0.192136 
C27 0.030229 0.133472 0.081851 0.103243 
C28 0.073016 1.266965 0.669991 1.193949 
C29 0.129570 1.204244 0.666907 1.074674 
C30 0.026497 0.053608 0.040052 0.027111 
H31 0.000498 0.000807 0.000652 0.000309 
C32 0.003259 0.003429 0.003344 0.000170 
H33 0.000282 0.000915 0.000598 0.000633 
H34 -0.012489 -0.000687 -0.006588 0.011802 

 
 
 Partial charge analysis was also performed for the GS-
441524 in water at B3LYP/6-311++G(d,p) level of theory. 
Mulliken atomic charges of the neutral, cationic, and anionic 
forms of GS-4415424 are shown in Table 3. The partial 
charges for various schemes such as Mulliken, CHelp [32], 
CHelpG [33], HLYGAt [34] but using Gaussian’s standard 
atomic densities instead of those of HLY [34], and according 
to Merz-Singh-Kollman, MK [35], [36] are shown in Table 
S5 and a surface plot of the electrostatic potential is shown in 
Fig. S1. 
 
Table 3. Mulliken atomic charges of the neutral, cationic, 
and anionic forms of GS-441524. 

Atom Neutral Cation Anion 
O1 -0.226534 -0.216163 -0.232386 
O2 -0.274071 -0.251912 -0.268076 
H3 0.312760 0.315079 0.305662 
O4 -0.058908 -0.037990 -0.064570 
O5 -0.381642 -0.331616 -0.418867 
H6 0.433436 0.375656 0.474521 
N7 -0.392493 -0.308062 -0.405238 
H8 0.354506 0.382324 0.278614 
H9 0.318726 0.342831 0.257166 

N10 0.584084 0.623510 0.563800 
N11 -0.239521 -0.089290 -0.329558 
N12 -0.401223 -0.198293 -0.604505 
N13 -0.282268 -0.247954 -0.311253 
C14 -0.284529 -0.088383 -0.436629 
H15 0.214370 0.283070 0.177131 
C16 -0.735631 -0.626226 -0.757769 
H17 0.275624 0.283275 0.279946 
C18 0.399941 0.325411 0.486529 
C19 -0.211908 -0.295480 -0.456142 
C20 -0.129412 0.007003 -0.155947 
H21 0.202351 0.249451 0.173344 
C22 -0.703041 -0.726853 -0.684746 
H23 0.186895 0.196278 0.174404 
H24 0.185752 0.200458 0.171574 
C25 -0.565745 -0.627099 -0.507637 
H26 0.269021 0.281236 0.254476 
C27 0.829064 0.740908 0.705371 
C28 -0.802811 -0.834461 -0.748229 
C29 -0.310310 -0.210027 -0.297750 
C30 0.601499 0.591398 0.618892 
H31 0.287308 0.305364 0.270316 
C32 0.034425 0.023146 0.026850 
H33 0.234083 0.283017 0.185880 
H34 0.276202 0.280392 0.274828 

 
 
4. Conclusions 
 
In summary, the GS-441524 molecule was studied using DFT 
calculations alongside IR, Raman, and UV-VIS spectroscopy. 
The theoretical calculations provided the optimized three-
dimensional geometry of the molecule. Subsequent analysis 
revealed good agreement between the theoretical predictions 
and experimental results for IR, Raman, and UV-VIS spectra. 
Among the functionals used, the BP86 functional 
demonstrated greater accuracy in predicting electronic 
transitions. It was observed that variations in the basis set size 
had minimal impact on the predicted UV-VIS spectra. 
However, inclusion of the polarizable continuum model and 
exclusion of the Tamm-Dancoff approximation were 
necessary to achieve optimal agreement with experimental 
measurements. These findings are valuable for future 
simulations of pharmaceutical compounds and for qualitative 
and quantitative assessment of GS-441524 in (unregulated) 
antiviral drugs for example, with portable IR/Raman 
spectrophotometers. Future theoretical work may focus on a 
detailed analysis of the available NMR spectra [37], [38], 
[39], [40], [29], providing deeper insights into the structural 
and dynamic properties of the system. We hope that GS-
441524 will soon be approved in more countries, allowing for 
its legal use to save countless cats’ lives. 
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