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A comparative morphological and anatomical
studies of the fruits of three date palm cultivars
(phoenix dactylifera L.) in valley and coast of
Hadhramout Regions — Yemen

Mahrous Abdullah Bahwerth ! Yasser Saeced Bahramz % Jaafar Omar BaOmar 3

(Received 21/4/2022 ; accepted 1/9/2022 )

Abstract: This comparative study was conducted on three cultivars of date palms (Jazzaz, Socotrai and Barhi)
grown in different environments in the agricultural season 2020 AD in the regions of the Valley and the coast of
Hadhramout including the morphological and anatomical characteristics of the fruits. The results were analyzed
using a randomized complete sector design. The present study revealed the environmental effect on the length,
width, weight, volume, cuticle thickness and Mesocarp thickness. The date palm cultivars in Hadhramout Valley
region were significantly superior in cuticle thickness, while those of the Hadhramout coast region were
significantly superior in the length, width, weight, volume and Mesocarp thickness, The cultivar type had also a
clear effect, as the al-Jazzaz cultivar significantly outperformed the fruit length, weight, volume and Mesocarp

thickness.

Keywords: anatomy of the date palm fruit, length of the fruit, weight of the fruit, cuticle thickness, Mesocarp
thickness.
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G? test 94.85 | 95.59 | 96.37 | 97.06 | 0.06 | 0.06 | 0.07 0.10
Permutation | 95.42 | 96.25 | 97.01 | 97.89 | 3.67 | 8.36 | 26.10 | 68.32
G? test

INSURANCE | X? test 88.60 | 89.51 | 90.73 | 91.35 1 0.04 | 0.04 | 0.05 0.06
G? test 88.52 | 89.35 | 90.37 | 91.14 1 0.04 | 0.04 | 0.05 0.07
Permutation | 89.37 | 90.64 | 92.02 | 92.74 | 3.32 | 8.09 | 45.31 | 282.38
G? test

4. Conclusions

We performed Monte Carlo simulation studies
aiming to provide evidence as to the suitability of
two popular tests for independence of categorical
variables. The simulations proved highly useful and
facilitated the extraction of very interesting
conclusions. We highlight that the following
conclusions apply to sample sizes of at most equal
to 1,000.

When testing the (unconditional) independence of
two variables, the G2 test never attained the type I
error when the variables contain 3 or more values
(or levels). When the variables take 3 values, the G2
test was size correct only for large sample sizes. On
the contrary, the X2 and the permutation G? test
were size correct in almost all examined cases,
regardless of the sample size and of the number of
values the categorical variables could take. This is a
strong evidence that the rule of thumb regarding the
unsuitability of the X? test with zero value
frequencies and/or expected values being less than
5 does not hold true and should be carefully re-
examined. Based on our simulations, we have some
ground to say that the rule's validity seems to be
rather small or negligible.

When testing conditional independence of two
variables, with 1 or 2 conditioning variables, the
permutation G2 test was the only one among the
three competitors that performed satisfactorily. It
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was the most accurate, in terms of attaining the type
I error, in more than 90% of the examined cases,
followed by the X2 which was size correct in only
58% of the cases. The G2 test was size correct in less
than 10% of the examined cases. The value of the
G? test statistic was always greater than that of the
X? test, but this difference was diminishing with
increasing sample sizes. On the other hand, the X2
test could not always be computed due to infinite
divisions.

On the other hand, when the sample sizes are at the
orders of thousands and higher, use of the X? and of
the G? test is strongly suggested as they both
perform equally well. They are always size correct
and poses similar levels of power. Both of them are
also computationally extremely efficient, hence we
suggest application of either of them with large
sample sizes. Computational efficiency and
statistical accuracy are two essential components of
a test in the current era of massive and big data.
With regards to network inference the X? and of the
G? test exhibited similar performance in terms of
accuracy (correct identification of present/absent
edges) and low computational cost. The permutation
G* but a

considerably higher computational cost. In light of

test has an increased accuracy,
these findings, the conclusion is that the latter it
perhaps should be avoided as it requires a
significant amount of time, unless the sample size is

small (less than 1,000).
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The metrices of performance are the accuracy,
percentage of correct identification of edges or
absence, and the computational cost, in seconds.
The metrics were evaluated based upon 100
repetitions. Evidently, the test with the optimal
behavior should assist the MMPC algorithm
estimate the network with high accuracy at a low

Figure 9: The true Bayesian network of the INSURANCE BN.

computational cost. Table 4 summarizes the results,
where we can see that the X? test and the

G? test exhibit a similar performance in both axes
of comparison. The permutation G2 test achieves
higher accuracy at the cost of a significantly higher
computational cost.

Table 4: Proportion of times a testing procedure attained the type I error in the unconditional

independence when the data were generated from a discrete uniform distribution and the sample sizes

were at most 1,000.

Sample size

100 200 500 1,000 | 100 | 200 | 500 1,000
BN Test Accuracy (%) Computational cost (seconds)
ALARM X? test 94.99 | 95.85 | 96.61 | 97.28 | 0.06 | 0.07 | 0.07 | 0.09
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Let us now see the performance of the tests in the
context of network reconstruction as another axis of
comparison among the tests. We will use two
famous networks in the Bayesian network (BN)
literature, the ALARM and the INSURANCE BNs.
The true BNs of the two datasets consist of 37
variables, of which 46 are connected, and of 27
variables of which 52 are connected, respectively.
These BNs are available in the R package bnlearn
(Scutari, 2010). Figures 8 and 9 present these true
Bayesian networks.

We simulated data of various sample sizes (n=100,
200, 500, 1,000) from the two given BNs and try to

estimate the skeleton (edges only, not arcs, i.e.
directed arrows) of the BNs using the MMPC
algorithm proposed by Tsamardinos et al. (2006).
The reason for this is that MMPC uses conditional
independence tests to estimate the connected
variables, whereas MMHC assigns directions to the
edges using a greedy search that maximizes some
score, without using independence tests. To be
consistent with the simulation studies, we made use
of the X2, G? and permutation G? tests of
independence during the MMPC algorithm.

Figure 8: The true Bayesian network of the ALARM BN.
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Figure 7: Estimated power of the X%, G? and permutation G? tests of independence with |X| =|Y| = 4 and with no

conditioning variable. The data were generated from a binomial distribution.

Figures 6 and 7 visualize the estimated powers for a
range of different alternatives when the cardinalities
of the variables are equal to 2 and 4. The powers are
similar for the other cases and hence omitted for
brevity. We observe that the estimated power levels
are similar for all three tests. We emphasize that the
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power of the G? presented in Figure 7 is not
comparable to the powers of the X? test and the
parametric G2 test because it was not size correct
(see Figures 3 - 5 and Table 1).

3.5 Inference in networks
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Figure 6: Estimated power of the X2, G* and permutation G? tests of independence with [X| = |Y| =2 and with no
conditioning variable. The data were generated from a binomial distribution.
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Figure 5: Estimated type I error of the X?, G* and permutation G? tests of independence for different cardinalities

with 2 conditioning variables. The data were generated from a binomial distribution.

3.4 Power

Power comparisons of testing procedures are
meaningful only for tests that are size correct. For
this reason, we should compare only the X2 test with
the permutation G2 test in the case of unconditional
independence. We have compared all three tests
though in the unconditional independence case
scenario. The specific alternatives we used are
described as follows.
1. For a range of values of b, from -3 up to 3,
increasing with a step-size equal to 1 do the
following steps.
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Generate values |X;| from a Bin(|X;|, 0.5),

wherei =1, ...,n.
e—(b) +X; .
3. Compute p; = T3 where —(.) is

the sign function that returns the sign of a

number.

4. Generate values |Y;| from Bin(|Y;|, p;)
with Y| = [X].

5. Repeat steps 2-4 1,000 times.

6. Compute the power as the proportion of

times the H, (independence) is rejected.
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Table 3: Proportion of times a testing procedure attained the type I error in the conditional
independence when the data were generated from a discrete uniform distribution and the sample sizes
were at most 1,000.

Number of conditional | Cardinalities X% test | G*test | Permutation G test
variables
7Z=0 X[ = Y= 2 8/8 6/8 6/8
IX|=|Y]=3 717 177 7/7
X| = Y= 4 7/7 0/7 6/7
X|=|Y]=5 i | o1l 9/11
Totals 33/33 7/33 28/33
Z=1 X[ = Y=2 8/8 0/8 8/8
IX|=|Y]=3 6/7 0/7 3/7
X|= Y4 9/15 3/15 14/15
X|=|Y]=5 221 0/21 21/21
Totals 25/51 3/51 46/51
7Z=2 X| = Y] 2 /11 | o1l 11/11
X|=|Y|=3 7/13 /13 13/13
X| = |Y|=4 0/3 0/11 11/11
X|=|Y]=5 0/11 0/11 11/11
Totals 18/46 1/46 46/46
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Table 2: Proportion of times a testing procedure attained the type I error in the unconditional

independence when the data were generated from a discrete uniform distribution and the sample
sizes were at most 1,000.

Cardinalities | X2 test | G2 test | Permutation G? test
XI=|Y=2 |78 7/8 2/8

X[=[YF3 |67 5/7 707

XI=IY=4 |37 0/7 5/7

X[ =[YF5 | 4/11 011 | 911

Totals 20/33 12/33 23/33

Figure 3 illustrates the estimated type I error of all
testing procedures when testing the unconditional
independence of two variables, for various sample
sizes and cardinalities of the variables. The most
accurate is the X2, followed by the permutation G?2,
whereas in all cases, except for Figure 3(a), the G2
test shows an inflated type I error.

By examining Figure 4 we can see that the
conclusions change. The G2 test exhibits the poorest
performance in terms of type I error, as it is either
too conservative, i.e. it rejects less frequently than it
should, or it is very risky as it tends to reject more
frequently. The X? test
adequately, but when the cardinalities of the
to 5, it
conservative. The permutation G2 test on the other

seems to perform

variables are equal becomes too
hand is the only that holds the type I error within the
acceptable limits. Finally, Figure 5 yields different
conclusions again. The permutation G? test still
remains size correct, but the X? test performs
adequately only in two cases, when |X| =|Y| =2 and
when |X| = |Y| = 3. In the other two cases, it could
not be computed, due to the conditional contingency
tables formed, that contain rows and or columns
with zero frequencies, and hence the X? test statistic
could not be computed. the G? test on the other hand

almost never rejects the conditional independence.
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Among the three testing procedures, the G2
manifests the worst performance in terms of
attaining the type I error as it was size correct in only
11 out 130 times (8.46%), as depicted in Table 3.
The X? test performed better as it was size correct
in 76 out 130 times (58.46%), whereas the
permutation G2 test was size correct in 120 out of
130 times (92.31%). If we examine Table 3 more
closely, we can draw more specific and more
targeted conclusions. Specifically, when testing the
(unconditional) independence between two
variables, the following can be said. The X? test
exhibited the best performance, followed by the
permutation G2 test. The G? test had the worst
performance, as it was size correct in almost 1 out
of 4 times.

At this point let us remind the reader about the
necessary condition the expected values should
satisfy. The number of cells whose expected values
is less than 5 should be no more than 20%—25% and
no cell must contain 0 frequencies. According to
McHugh (2013) McHugh (2013), no cell should
contain expected values that are less than 3. This
does not hold true for the X? test and this is clearly
observed in Figure 3, where we can see that even or
small sample sizes, the X? retains the nominal
significance level (5%). When we move downwards
Table 3 we draw another interesting conclusion. The
permutation G2 test, unlike the X2 test is size correct
in the majority of the cases.
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where i = 1,2,3,4 and most of the times yielded
contingency tables with zero frequencies. The
binomial distribution was the main distribution used
thought the simulation studies. In all cases, we
generated an n X 100 matrix, where n denotes the

100-1 = 4950

sample size and performed all 100 *

tests with either testing procedure.
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All results presented in Figures and Tables refer to
the cases of the sample sizes being at most 1,000.
For larger sample sizes we only tested the X2 and
the G2 tests and they exhibited nearly the same
performance and were always size correct and hence
not visualized.
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Figure 2: Estimated type I error of the G2, permutation G2 and X? tests of independence as a function of the sample
g YpP p

size with no conditioning variable. The data were generated from a discrete uniform distribution and the sample sizes

were at most 1,000.
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Figure 1: Average difference between the G2 and the X? test statistics (G> — X?). The range of

sample sizes (in the first row goes up to 1,000, each time increasing by a step equal to 20. The range of sample sizes in
the second row varies from 1,000 up to 10,000 increasing by a step equal to 1,000. The first column refers to
unconditional independence, while the second and third columns refer to conditional independence with 1 and 2
conditioning variables respectively. The cardinalities of the variables are showed with different colors. In the first row,
the X2 could not be computed for all cases with 1 and 2 conditioning variables. In order to be consistent, in the second

row, the X2 was not be computed for all cases either.

A very interesting finding is that as the number of
conditioning variables increases, the X2 could not
be computed because of zero expected values. Our
data generation mechanism is based on the binomial
distribution and hence the produced tables will
contain zero rows and or zero columns. Applying
the X2 test on such tables results in division of a
finite number with 0 yielding infinite numbers and
hence the X? is not applicable. In contrast, the G>
test is applicable since Olog0 = 0.

3.3 Type I error

At first we will consider the type I error of the three
hypothesis testing procedures in four case scenarios.
When both X and Y take 2 values, 3 values, 4 values
and 5 values. These correspond to 2 X 2, 3X 3,
4% 4 and 5% 5 contingency tables respectively. We
first considered the type I error for the unconditional
independence case scenario when the data were
generated from a discrete uniform distribution
U(0,i), where i = 1,2,3,4. This is a small case
scenario and we did not examine it in more detail.
We then generated random values from Bin(i, 0.5),

121



Abdulaziz Alenazi: Categorical tests of independence: A Monte Carlo simulation study

Table 1: Time (in seconds) required by the testing procedures to perform 4,950 tests for different

sample sizes and cardinalities. The relative computational cost, normalized with response to the X?

test, appears inside the parentheses.

Sample Cardinalities X2 test G? test Permutation Permuta
size tion
X? test
G? test
n=100 X[ = [Y|=2 0.003(1.00) 0.004(1.12) 0.867(256.96) | 2.521(74
6.95)
n=200 X|=[Y|=3 0.005(1.00) 0.006(1.23) 2.655(549.11) 2.437(50
4.02)
=400 X[=[Y|=4 0.007(1.00) 0.010(1.48) 5.962(860.82) | 3.031(43
7.59)
n=800 X[=[Y|=5 0.012(1.00) 0.019(1.50) 6.645(536.00) | 3.426(27
6.37)
n=10,000 X/ =Y|=2 0.141(1.00) 0.136(0.96) 3.369(23.87) 9.558(67.
71)
n=10,000 | [X|=|Y[=3 0.149(1.00) 0.135(0.91) 6.576(44.24) 10.015(6
7.38)
n=10,000 X|=Y|=4 0.146(1.00) 0.144(0.99) 10.763(73.93) 10.355(7
1.12)
n=10,000 X/ =[Y|=5 0.14(1.00) 0.138(0.99) 10.7(76.51) 10.165(7
2.68)

3.2 Difference between the X? and the G? test
statistics

Figure 1 illustrates the average difference between
the two test statistics G> — X2 for a range of sample
sizes, in the case of unconditional independence.
Figure 1 contains the differences for small sample
sizes, up to 1; 000, and for larger sample sizes, from
1,000 up to 10,000. The G2 test statistic is on
average greater than the X2 test statistic and the
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differences are more pronounced as the cardinalities
of the variables increase. This figure clearly shows
that the X2 approximation to the G? test statistic
requires larger sample sizes with increasing
cardinalities.

In all cases though, the differences decay towards
zero as the sample size is at the order of hundreds.
Yet, the differences between the two test statistics
are large and this explains the inflated type I error

of the G2 test, observed later.
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Hoey (2012) mentioned that as the difference
between 0;; and E;; increases, the less accurate the
above approximation becomes, and X? will tend to
compute erroneous answers, especially in the small
sample sized data. Further, since X? is an
approximation to the G2, the former is expected to

be less accurate the latter.

3 Simulation studies

We used the statistical software R 4.0.3 (R Core
Team, 2020) and the library Rfast (Papadakis,
Tsagris, Dimitriadis, Fafalios, Tsamardinos,
Fasiolo, Borboudakis, Burkardt, Zou, Lakiotaki and
Chatzipantsiou  2021) that contains  fast
implementations of the aforementioned testing
procedures. R's built in function chisg.test() can
return a Monte Carlo p-value, but not a permutation
p-value, and it is very slow when thousands of tests
must be conducted. Tsagris (2017) compared some
implementations in R, showing that conditional
independence testing is faster via Poisson log-linear
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models. Tests of independence also exist in the R
package coin (Zeileis, Wiel, Hornik, and Hothorn
2008) but are not as computationally efficient as the
ones in the R package Rfast. Computational
efficiency was the reason why we did not consider
a computer intensive version of the X2 test and we
only used the tests that are available in Rfast.

3.1 Computational cost of X? and G test

Table 1 presents an example of the computational
cost of each testing procedure. The G2 test is
slightly slower than the X? test because it involves
computation of logarithms. The permutation G2
test, that performs 999 permutations and computes
999 test statistics, is remarkably fast, as it is at most
2 times slower than R's built in X? test which
performs only a single test. R's built in chisq.test()
offers the option of a Monte Carlo p-value, but that
would be extremely show for our example here. A
reasonable estimate of the computational cost of this
Monte Carlo p-value would be to multiply the last
column of Table 1 with 999, resulting in more than
half an hour.
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The G? test or G-test is simply a log-likelihood ratio 2002)
test whose statistic is given by (Agresti,

Oij
G2(x,) =25, Oylog (32). 2
Similarly to the X test, under Hy G*~X{jx|-1y(y|-1)-

23 The X? and G?tests of conditional When we wish to test whether the two variables are
independence independent conditional on one or more variables Z
null and alternative hypotheses are

H, : X and Y are independent conditional on Z
H; :Xand Y are NOT independent conditional on Z
and the X2 and G? test statistics are given by (Agresti, 2002)

2
(0ijik—Eijik)
Eijk

2
Yk 2ij % respectively, 3)

XXX =% X and X2(X,Y) =

where k denotes the k-th value of Z. The Oy are each time calculate the relevant test statistic (based
the observed frequencies of the i-th and j- th values on Pearson or Spearman). With categorical
of X and Y respectively for the k-th value of Z. The ~ variables though, extra caution must be taken.
E;jyij are their corresponding expected frequencies ~ Similarly to Fisher's exact test (Agresti, 2002) the

041k +jlk permutations must occur in such a way as to keep

computed as E;; = onilk
++

h Oir ik =
whete tk the row and column totals fixed. The p-value is then

Z?ﬂ Oijik and Oy = Yie1 Oiji  and computed as the proportion of times the values of
0, |k = ny. Under H,, both X? and X? follow a the permuted test statistics exceed the value of the
x(zl X|-1)(|Y|-1)|2]> where |Z| denotes the cardinality test statistic in the original data.
of Z. It becomes clear that (1) and (2) are special
cases of (3) when Z = @. 2.5 Relationship between the X? and G? test
statistics
2.4 Permutation based p-values
The X? test statistic is an approximation of the G2
The aforementioned test statistics produce  usinga second order Taylor expansion of
asymptotic p-values. Computer intensive methods ~ the natural logarithm around 0 (Hoey, 2012).

include Monte Carlo simulations and permutations. Following Hoey (2012) let us write 0;; = E;; + 7;;
In this paper we will rely on permutations to obtain ~ andsince ¥7_; 0;; = ¥7_; Ejj this implies that
the p-value. With continuous variables for example, Yl Ty =0.The G? test (2) is then given by

the idea is to distort the pairs multiple times and
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2 X 2 contingency table for example with low cell
values and or zeros, Fisher's exact test (Fisher,
1922) is ordinarily, even though researchers have
argued against its use in such cases (Liddell, 1976;
Berkson, 1978) because its actual rejection rate is
below the set nominal significance level.
proposed
generalizations to r X ¢ contingency tables (Wells
and King, 1980; Mehta and Patel, 1983). Another
alternative is to compute the associated p-value
using Monte Carlo simulation or random

permutations (Tsamardinos and Borboudakis, 2010)

Nonetheless, researchers have

which is applicable to larger than 2 X 2 contingency
tables as well.

The scope of this paper is to provide evidence that
the percentage of cells that contain expected values
less than 5, is a non necessary assumption/condition
and should be neglected. In addition, we provide
evidence as to when to compute the asymptotic p-
value of the X? or of the G2 and when to rely on the
permutation based p-value. Finally, unlike the
previously mentioned papers we assess the
performance of the tests when used for conditional

independence. The simulation studies showed that,

for either unconditional independence or
conditional independence testing, the G2 performs
poor in terms of attaining the type I error, whereas
the X2 test performed better but is not always
applicable. The permutations based G? though,
produced satisfactorily results, but only in certain
cases. When used in the context of network
construction (e.g. skeleton of a Bayesian network)
both tests
accuracy, but the permutation based G? is highly
computationally expensive.

The next section presents the two aforementioned

produce networks of comparable

tests covering both unconditional and conditional
independence. Section 3 presents the simulation
studies, and section 4 concludes the paper.

2. Tests of independence for categorical data
Suppose we have n observations from two
categorical variables X and Y taking discrete values

and their cardinalities, by |X]| and |Y]|, respectively.
The ordinary null and alternative hypotheses are

H, : X and Y are independent
H; :Xand Y are NOT independent

The most famous and popular independence tests
(and available in all statistical software) for testing
the above null hypothesis are the X? and the G2
tests.

2 —
XX, Y)=2%;; £
where the O;; are the observed frequencies of the i-
th and j-th values of X and Y respectively. The E;;
are their corresponding expected frequencies

0i+04; n
,where 0, = %7, O
Oyt

computed as E;; = ij
n

and O4; =i, 0O;; and O, is equal to the
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(04-E))”
)

2.1 The X? test of (unconditional) independence

The X? test was proposed by Pearson (1900) and its
test statistic is given by

(1)

sample size n. Under the independence assumption,
X?~x{x1-1)(v|-1)» Where |X| and |Y| denote the
cardinality of X and Y respectively, the number of
values of X and Y.

2.2 The G? test of (unconditional) independence
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1. Introduction

Categorical data are frequently encountered in many
disciplines outside statistics, mainly in the ones that
fall under the social sciences umbrella, but also in
medicine, biology, sociology, psychology,
computer science, political sciences, demography,
bioinformatics, dentistry, geology, etc. These data
can either be ordinal or nominal variables.
Specifically with nominal variables, for which
independence is to be tested, the X2 test and the G2
test are two commonly applicable tests, both of
which are able to capture non-linear relationships
between the variables. Even though the list of
independence tests is wider (Williams, 1976; Rao
and Scott, 1981, 1984), the aforementioned tests
have gained popularity mainly due to their
simplicity. The convenience and ease of application
of those categorical tests of independence has made
them widely applicable in the social sciences
(Wilcox, 1996), but also in the computer science
and bioinformatics for network construction
(Tsamardinos, Brown and Aliferis 2006). Despite
them being so broadly used, no one, to the best of
our knowledge, has performed simulation studies in
order to give guidance as to which test to use and
when. One exception could be Tsamardinos and
Borboudakis (2010) who that the

permutations based G? improves the learning

showed

quality of Bayesian networks. Their considered
though only the G2 with and without permutations.
Numerous modifications of the two aforementioned
tests have been proposed in the literature. Garside
and Mack (1976) numerically evaluated the size
(type I error) of the X2 test and some of its corrected
versions and saw that the corrected versions are
conservative and the size of the X? test is closer to
the nominal level. For small contingency tables,
(greater than 2 X 2) and small sample sizes, Lawal
and Upton (1984) suggested a modification of the
X? test to bring the size closer to the nominal level.
Davis (1993) described

a generalized x?
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approximation to the distribution of the X? test
statistic. Sulewski (2013) proposed the |X| test and
Lipsitz, Fitzmaurice, Sinha, Hevelone, Giovannucci
and Hu (2015) proposed the Wald and score test
statistics for independence based on weighted least
squares estimating equations. Velez, Marmolejo-
Ramos and Correa (2016) proposed a new graphical
method
applicable in two-way contingency tables.

of performing diagnostic analyses
Towards the simulation based approach, Amiri and
von Rosen (2011) showed that non-parametric
bootstrap is more efficient than the X? test, with or
without Yates' correction. Lin, Chang and Pal
(2015) proposed the bootstrap versions of X? and
G? tests as they appeared to attain the size better
than their asymptotic versions, for small to large
sample sizes as well as extreme cell frequencies.
Amiri and Modarres (2017) proposed a bootstrap
test statistic that provides more accurate inference
for small sample sizes.

Both tests are considered to be non-parametric as
they make no assumption of the underlying
distribution of the data. They do however entail
some assumptions as stated by McHugh (2013).
Prior to their application one must first create a
contingency table and as McHugh (2013) mentions,
the cells should contain frequencies of pairs of
values and not percentages. The values of the
variables must be mutually exclusive. For instance,
in a psychology experiment the respondent can
choose only one answer. In the same experiment, all
respondents must have answered the questions only
once, that is, repeated measurements should not be
analyzed using this test. McHugh (2013) states that
the categorical variables can also be ordinal, e.g.
nominal-ordinal or ordinal-ordinal. A necessary
condition applied to the expected values should be
satisfied. The number of cells whose expected
values is less than 5 should be no more than 20%-
25% and no cell must contain 0 frequencies.
According to McHugh (2013), no cell should
contain expected values that are less than 3. In a
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arginine residues or changes in two arginine
residues always result in temperature sensitivity.
While three changes were shown to drastically
reduce infectivity, the mutant replicon was still able
to replicate in a few transfected cells (Angeletti,
Benvenuto, Bianchi, Giovanetti, Pascarella, &
Ciccozzi, 2020). Although not fully understood, this
defect is most likely related to a defect in the viral
replicase complex that causes the absence of all
three arginine and prevents the replication process
(Tamm, Merits, & Sarand, 2008). NSP3 also
interacts with and possibly hosts proteins in SARS-
CoV-2, thus playing a role in membrane
rearrangement (Sakai, Kawachi, Terada, Omori,
Matsuura, & Kamitani, 2017). The interaction
between NSP4 and NSP3 is also essential for viral
replication (Yoshimoto, 2020). There is a unique
mutation in Saudi SARS-CoV-2 at position 183 on
the ORF1a where, in the NSP4 region, the glutamate
is replaced with glycine. Glycine is a non-polar,
aliphatic amino acid and the simplest of the group
of amino acids that has a high composition in
interacting residues because it revolves easily and
provides flexibility to interact with RNA molecules
(Cheng, Su, Hwang, Sung, & Hsu, 2008).

To achieve complete transcription and replication of
the viral genome, several other NSPs subunits are
required to form a holoenzyme complex, including
NSP10, NSP13, NSP14 and NSP16, for which the
precise functions in RNA synthesis are not well
understood (Lehmann et al., 2007; Ziebuhr, 2003).
The viral polymerase has shown enormous promise
as a highly potent antiviral drug target due to its high
evolutionary stability compared to the surface
proteins, which are more prone to drift as a result of
selection by  host Therefore,
understanding the structure and function of the

immunity.

SARS-CoV-2 polymerase complex is an essential
prerequisite for developing novel therapeutic
agents.
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S 2 0.00
I 1 0.00
I 1 0.00
T 8 0.00
w4 0.00
D 229 0.00
R 1 0.00
E 5820307 @ 99.99
4. Discussion

Coronavirus replication is controlled by a group of
non-structural proteins (NSPs) encoded by the open
reading frame la (ORFla) and the ORF1lab in its
which translated as
polyproteins, followed by proteolysis cleavage for
maturation (Ziebuhr, 2005). Both transcription and
replication of the viral genome are mediated by

genome, are initially

these proteins via their multi-subunit polymerase
complex. Non-structural proteins, such as NSP12,
are catalytic subunits with RNA-dependent RNA
polymerase (RdRp) activity (Agostini et al., 2018)
that is capable of conducting the polymerase
reaction with extremely low efficiency. NSP12
polymerase activity is stimulated by the cofactors of
other non-structural proteins, such as NSP7 and
NSP8 (Subissi et al., 2014); together, they form a
sub-complex that defines the minimal core
components for mediating coronavirus RNA
synthesis. Thus, the recorded mutation on the
NSP12 may affect its ability, as cofactors of other
it results in the
replacement of lysine with arginine. By forming
ionic interactions and hydrogen bonds in the

non-structural proteins, as

proteins as well as by interacting with water
amino acids play
significant roles in protein stability (Barlow &
Thornton, 1983; Strickler, Gribenko, Gribenko,

molecules, these surface
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No record
No record

No record
(geo)
(geo)
(geo)

No record

reference aa

Reihle, Loladze, &
However, increased protein

Keiffer, Tomlinson,
Makhatadze, 20006).
solubility is known to correlate with an increase in
the proportion of lysine over arginine residues due
to their different pKa values (12.48 and 10.53,
respectively) (Austerberry, Thistlethwaite, Fisher,
Golovanov, Pluen, Esfandiary, Van Der Walle,
Warwicke, Derrick, & Curtis, 2019). Differences in
the pKa values can affect the stability of ionic
interactions associated with lysine or arginine
residues under different pH levels (Turunen,
Vuorio, Fenel, & Leisola, 2002).

Another unique mutation recorded in Saudi CoV-2
results from the replacement of leucine with
glutamine in NSP2, which is a component of the
viral replication complex that is essential and
multifunctional. CoV-2 has proved to be more
contagious compared to SARS, probably due to the
structural similarity of the region that is subjected to
positive selection as well as the stabilizing mutation
in the endosome-associated, protein-like domain of
the NSP2 protein. Hence, it is possible that CoV-2
is distinguished from SARS by a destabilizing
mutation occurring near the phosphatase domain in
the NSP3 proteins(Angeletti et al., 2020). Despite
the fact that single amino acid residues can be
tolerated in the NSP2, deletions of one or two
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E 1 0.00 | No record

\Y 3 0.00 | No record

N 13 0.00 | (geo)

D 1 0.00 | No record

S 140 0.00 | (geo)

K 53 0.00 (geo)

I 115 0.00  (geo)

del 132 0.00 | (geo)

H 1 0.00 | No record
8 0.00 | (geo)

5820189 | 99.99 ' reference aa

Table 2d: Mutation statistics for NSP4 at position 183 (the recorded mutations from Saudi Arabian
SARS-CoV-2 are highlighted)

AA #Occ. Y% Geo _Distribution

A 47 0.00 | (geo)
stop 3 0.00 | No record
K 57 0.00  (geo)
v 6 0.00  (geo)
H 2 0.00 | No record
Y 1 0.00 | No record
del 23 0.00 | (geo)

87 0.00  (geo)
N 6 0.00  (geo)
G 56 0.00 (geo)
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S 14 0.00 | (geo)

Y 3 0.00 | No record
F 1 0.00 | No record
K 1 0.00 | No record
insLILTW 1 0.00 | No record
F 3 0.00 | No record

I 4720 0.08  (geo)
insVVIHQLVstop 1 0.00 | No record
L 23 0.00 | (geo)

T 5815465 | 99.91 | reference aa

Table 2¢: The mutation statistics for NSP12 at position 349 (the recorded mutations from Saudi
Arabian SARS-CoV-2 are highlighted)

AA # Occ. Y% Geo_Distribution
stop 4 0.00 | (geo)

L 2 0.00 | No record
T 10 0.00  (geo)
insL 1 0.00 | No record
Y 1 0.00 | No record
insMstopTYI | 5 0.00 | (geo)
insG 1 0.00 | No record
P 1 0.00 | No record
G 159 0.00 | (geo)
insstopTYI 1 0.00 | No record
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N 6 0.00  (geo)

del 7 0.00 | (geo)

W 104 0.00  (geo)

T 3 0.00 | No record
R 9 0.00 | (geo)

Q 47 0.00 (geo)

F 3 0.00 | No record
D 1 0.00 | No record
vV 12 0.00 | (geo)

L 5820230 | 99.99  reference aa

Table 2b: The mutation statistics for NSP3 at position 1590 (the recorded mutations from Saudi
Arabian SARS-CoV-2 are highlighted)

AA # Occ. Y% Geo_Distribution
del 1 0.00 | No record

A 32 0.00 (geo)

M 6 0.00 | (geo)
insDFSYGstopNVHLL | 1 0.00 | No record

stop 2 0.00 | Norecord
insHHFIMYGKVM 1 0.00 | No record

v 8 0.00 | (geo)

E 1 0.00 | No record

del 35 0.00

(geo)

P 5 0.00  (geo)
450 0.01  (geo)a
67 0.00  (geo)
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MZ208928 | NSP2 L39Q | ORF la Lucien Glutamin | hCoV- | South Dec/2020
e 19 Korea
MZ206430 | NSP12 349 Lysine Arginine | hCoV- | Italy Feb/2020
R349K ORF1lab 19
MT755892 | NSP4 183 ORF | Glutamat | Glycine hCoV- | Saudi Feb/2020
E183G la e 19 Arabia
3.2. Amino acid substitutions recorded in each unique mutation

In the current study, the recorded single-point
mutations in the NSP3 region showed that threonine

was replaced by alanine at position 1590 on the open
reading frame la, (Table 2b). Unlike threonine,
alanine is a non-polar amino acid and the second of

the simple amino acid after glycine. Another

mutation resulted in the substitution of glutamine

for leucine on ORFla; these amino acids have
different polarities, which may affect the physical
properties of the NSP2 region. The R349K mutation
in the NSP12 region was first recorded in Italy in

February 2020, replacing lysine with arginine,

which has similar properties, at position 349 on
ORFla (Table 2c¢). The Saudi SARS-CoV-2 unique
mutation was recorded at the NSP4 position 183 on
ORFla (Table 2d), where glutamate was replaced

with glycine. Compared to glutamate, glycine is a

non-polar aliphatic residue and the simplest stable

amino acid in the group.

The recorded mutations in the current work
originated in different countries; for example, the
NSP4 mutation was first recorded in Colorado in the
United States and was then identified on the
European continent, followed by the Middle East.
The last record of this mutation was in Saint-Denis
as shown in Table 2d. Another mutation is NSP12
R349K, which mostly occurs in central Europe and
North America and has only recently been found in
the Middle East. R349K was first recorded in
Baden-Wurttemberg, Germany followed by France
and has also recently been recorded in Nouvelle-
Agquitaine, France. The L39Q mutation in the NSP2
region was first recorded in Kano, Nigeria and has
been reported worldwide, including in the Saudi
capital, Riyadh. All data obtained from the updated
database, which includes 5,820,841 sequences,
were compared to the reference sequence
EPI ISL 402124 in the following tables based on
the last update on December 11, 2022.

Table 2a: The mutation statistics for NSP2 at position 39 (the recorded mutations from Saudi
Arabian SARS-CoV-2 are highlighted)

AA #Occ.
P 2

G 1

M 416

%
0.00
0.00

0.01
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Geo Distribution

No record

No record
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2. Methods

2.1. Bioinformatics

The current work is an in silico study that aimed to
evaluate the genetic variations of recorded SARS-
CoV-2 strains in Saudi Arabia. SARS-CoV-2
sequences were obtained from the severe acute
respiratory syndrome coronavirus 2 data hub, NCBI
(May 2021). The sequence of the Wuhan strain,
hCoV-19/Wuhan/WIV04/2019, was included as the
reference sequence. Fifty-three sequences were
aligned on the MEGA X platform against the
reference (Kumar, Stecher, Li, Knyaz, & Tamura,
2018) using the ClustalW algorithm.

2.2. Amino acid (aa) mutation analysis

The aligned sequences were analyzed using
CoVsurver on GISAID, which permits rapid
screening of coronavirus genomes for potentially
significant aa changes to identify candidates for
phenotypic changes or special epidemiological
relevance (Shu & McCauley, 2017). All aa
mutations were screened to identify the unique ones.
Unique aa mutations only were investigated using
CoV-GLUE to distinguish the variation between the
query and the reference genome and to extract the
geographical (Geo) data for each unique mutation.

3. Results
3.1. The unique mutations of Saudi Arabian

SARS-Cov-2 strains

Fifty-three genomic sequences of Saudi SARS-
CoV-2 were analyzed using CoVsurver, revealing
several aa mutations, including the unique mutation
NSP3 TI1590A, which has already been identified
10 times (0.00% of all samples with NSP3
sequence) in six different countries. The first strain
with this aa change, collected in February 2020, was
hCoV-19/Saudi Arabia/553/2020. This aa change
most recently occurred in strain hCoV-19/South
Africa/NICD-N13123/2021, collected in July 2021.
In addition, NSP2 L39Q has already occurred 26
times (0.00% of all samples with NSP2 sequence)
in nine countries. The first strain with this aa
change, collected in February 2020, was hCoV-
19/South Korea/KCDC2024/2020. The most recent
aa change occurred in strain hCoV-19/USA/FL-
CDC-LC0186780/2021, collected in August 2021.
NSP12 R349K has already occurred 29 times
(0.00% of all samples with NSP12 sequence) in 10
countries. Italy recorded the first strain with this aa
change, collected in December 2020, known as
hCoV-19/1taly/CAM-CRGS-277/2020. The most
recent aa change occurred in strain hCoV-19/South
Korea/KDCA6515/2021, collected in July 2021.
The NSP4 E183G has already occurred 46 times
(0.00% of all samples with NSP4 sequence) in 13
countries. NSP4 E183@G, the first strain with this aa
change, was collected in February 2020 and named
hCoV-19/Saudi Arabia/583/2020. This aa change
most recently occurred in hCoV-
19/England/MILK-1B8615C/2021, collected in
August 2021 (see Table 1).

strain

Table 1: Unique mutations in the amino acids (aa) of Saudi SARS-Cov-2 strains

Accession Replaceme | Position aainref | aa in | Ref First Date

No. nt query record

MT755889 | NSP3 1590 Threonine | Alanine hCoV- | Saudi Feb/2020
T1590A ORflab 19 Arabia
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1.
Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which caused the coronavirus
outbreak in 2019, is an enveloped, positive-sense

Introduction

RNA virus. Its genome consists of genetic material
and structural proteins needed for the invasion of
host cells. Although the COVID-19 pandemic
started late in 2019, the phylogenetic analysis of
different full genomes of Coronavirus isolated from
different countries has identified several variants
with variabilities in the viral amino acid sequence
(Hulswit, de Haan, & Bosch, 2016). Although such
analysis has helped in detecting sources of
infections as well as in developing vaccines, there is
a need to follow the ongoing changes in the viral
genome that cause variations in the virus’s response
to the current vaccines (Hulswit et al., 2016).

The SARS-CoV-2 genome consists of between 6
and 11 open reading frames (ORFs), the first of
which (ORF1a/b) forms about two-thirds of the viral
RNA. ORFla/b encodes for polyproteinla and
polyprotein 1b as well as 1-16 non-structural
proteins (NSP 1-NSP 16) ( Graham, Sparks,
Eckerle, Sims, & Denison, 2008; Kumar, Nyodu,
Maurya, & Saxena, 2020). These proteins play a key
role in virus assembly, transcription, replication and
host control, and suppression of host immune
responses as well as the suppression of host gene
expression (Chan, Kok, Zhu, Chu, To, Yuan, &
2020). Thus,
considerable interest in relation to developing

Yuen, they have attracted a
antiviral therapies, including studies of mutated
proteins during the current pandemic (Harvey,
Carabelli, Jackson, Gupta, Thomson, Harrison,
Ludden, Reeve, Rambaut, Peacock, & Robertson,

2021; Hassan, Choudhury, & Roy, 2020).

NSPs differ in their roles and may act as
multifunctional proteins, for example, NSP3, which
acts as a viral protease and has the ability to suppress
interferon responses (Forni, Cagliani, Clerici, &
Sironi, 2017). On the other hand, NSP12 is a major

105

enzyme in the replication and transcription of the
viral genome and is also the RNA-dependent RNA
polymerases (RdRps) of SARS-CoV-2 (Pachetti,
Benedetti, Giudici,
Masciovecchio, Angeletti, Ciccozzi, Gallo, Zella, &

Marini, Mauro, Storici,
Ippodrino, 2020). Indeed, the association between
NSP7 and NSP8 with NSP12 forms a stable super
complex (Pachetti et al., 2020) that ensures the
transcription fidelity of the virus. NSP2, on the other
hand, may alter the host cell environment by binding
to prohibitin 1 and prohibitin 2 (PHBI and PHB2)
(Cornillez-Ty, Liao, Yates, Kuhn & Buchmeier,
2009). NSP3

structural protein; it is the largest protein encoded

is another multi-domain, non-

by the coronavirus genome, with an average
molecular mass of about 200 kD (Lei, Kusov, &
Hilgenfeld, 2018). NSP3 is an essential component
of the replication/transcription complex (Lei et al.,
2018).

While structural proteins, which have the most
exposure to the host immune response, have gained
wide attention from drug developers, non-structural
components also play a major role in virus-host
interactions (Yoshimoto, 2020), as changes in these
proteins induce perturbations in the virus infection.
Therefore, they have been the target of
investigations of neutralizing antibodies. Recently,
it has been found that SARS-CoV-2 induces
cytokine storms and pyroptosis in the host cells,
which in many cases results in severe symptoms that
increase the risk of mortality (Ratajczak & Kucia,
2020). The viral polymerase has shown enormous
promise as a highly potent antiviral drug target
of evolutionary
compared with the surface proteins, which are more

because its higher stability
prone to drift due to selection by host immunity
(Carrat & Flahault, 2007). Thus, current work is
investigating the unique mutations in the NSPs

through the resulting changes of amino acids using

the Saudi Arabian CoV-SARS-2 genome in
comparison with the Wuhan strain, hCoV-
19/Wuhan/WI1V04/2019.
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Nonstructural proteins guide coronavirus RNA synthesis,
infectious capability and vaccine development

A. Khuzaim Alzahrani

(Received 27/6/2022 ; accepted 12/12/2022)

Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped, positive-sense RNA virus. The
genome of the virus consists of genetic material and structural proteins needed for the invasion of host cells. To achieve
complete transcription and replication of the viral genome, several non-structural proteins (NSPs) subunits are required to form
a holoenzyme complex that defines the minimal core components for mediating coronavirus RNA synthesis. Unlike structural
proteins, NSPs are more prone to drift due to selection by host immunity, which may affect viral infectious abilities. The current
study used the CoVsurver on the GISAID website for the in silico screening of significant amino acid changes to identify
candidates for phenotypic changes or special epidemiological relevance in 53 genomic sequences of SARS-CoV-2 in Saudi
Arabia. The recorded unique mutations in the NSPs-like domain of the NSP2 protein were found to enhance SARS-Cov-2’s
contagious ability compared to SARS, its survivability rate at different temperatures and its achievement of complete
transcription and replication. Other unique mutations in NSP10, NSP13, NSP14 and NSP16, whose precise functions in RNA
synthesis are not well understood, were also recorded. Proteins have attracted considerable interest in the development of
antiviral therapies; therefore, understanding the structure and function of the SARS-CoV-2 polymerase complex is an essential
prerequisite in developing novel therapeutic agents.

Keywords: SARS-CoV-2, Non-structural proteins (NSPs), Mutations, Polymerase, Amino Acids(aa)
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Manders & Zuckerman, 1985; Lockhart & Manders,
1987). The '"?Sn NMR experiment in DMSO-4 for
complex 3a displayed the coupling constants

J("Sn-"13C) = 396 Hz, 2J(""”Sn—"H) = 50 Hz, and
the deduced 6 107.6" confirming the
tetracoordination geometry in solution (Figure 4).

0=0.0161 2J>-1.32 ]2/ + 133.4 eq (1)
'] =11.40-875 eq (2)
119Sn_3a g
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Figure 4. ''?Sn NMR spectrum of complex 3a.

4. Conclusion

Three new monomeric dithiocarbamate diorganotin
complexes derived from Me>SnCla, n-
Bu,SnCl,, and Ph,SnCl, have been successfully
prepared and characterized utilizing various
analytical techniques. Chemical shifts [1(''°Sn) and
their coupling constants 'J('*Sn—"*C) and %J('*Sn—
'H) analyses permit us to define the shape of
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coordination polyhedra which varied between four
and five, as some influential factors contributed to
this result, including the electron resonances of the
ligand and of tin derivatives, as well as the
tautomeric and conformational equilibria resulting
from the exchange process. The study of the
pharmaceutical and industrial interest of the
prepared complexes will be the subject of further
research work.
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Figure 3. "H and !"”Sn NMR spectra of complex 3c.

On the other hand, n-butyl groups of complex 3b in
CDCl; exhibited signals belonging to the methyl
and three methylene protons
(SnCH»+CH2CH,,CH3) in the region of 1.73-0.86
ppm. Indeed, a triplet at [] = 0.89 ppm with *J('"H—
'H) equals to 9 Hz due to the methyl group of the
n-butyl moiety was observed. The CH,, resonance
appeared as a multiplet at [] = 1.37 ppm, while the
protons of SnCH>-CH,- group of the n-butyl
fragment showed broad multiplet at about 1.61-
1.73 ppm (Momeni et al., 2012).

In the 'C NMR spectra, which are generally
consistent with the conclusions drawn from 'H
NMR results, the thiourea function resonated at
193.2, 194.1, and 193.1 ppm for complexes 3a-c,
respectively, different from that the starting ligand
which revealed signal at 218.4 ppm. Thus, the
aminoantipyrine group signals were observed at
about 162, 150, 133-109, 35.5, and 11.5 ppm for
CZO, CH3—Q=C, Camm, CH3—N, and CH3—C=
groups, respectively (Anupama, Sunita, Shiva
Leela, Ushaiah & Kumari Gyana, 2014). The Cr,
Cr, C, and Crrchemical shifts devoted to the n-
butyl and phenyl groups in complexes 3b and 3c
were identified as expected (de Morais, de Lima,
Pinheiro, San Gil, Takahashi, Menezes & Ardisson,
2015).

Knowledge of the liquid state chemical shifts (J) of
%Sn NMR provides valuable information about the
geometry of coordination polyhedra of the tin centre
in the organotin(IV) complexes (Sirajuddin, Ali,
Mckee, Zaibd & Igbal, 2014). Thus, an expansion in
tin coordination number from four to five relates to
an expansion in tin shielding by 150-200 ppm
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(Pettinari, 2017). Indeed, a general trend of up-field
shift of 5(''?Sn) with inreasing coordination number
of the tin atom can be observed. Furthermore, an
exclusive suggested type of coordination penta
isomers is conferred to complex 3b and 3¢ in
solution (—164 and —139 ppm respectively). While,
complex 3a was completely tetracoordinated in
solution (95 ppm). This could be explained by the
effect of the steric hindrance of the butyl, phenyl
and ligand groups on their mobility and by the effect
on the possibility of the interaction between the
sulfur of the thionyl group (C=S) and the atom of
the tin, on the other hand and in the case of complex
3a (derived from Sn(CHz)2) the speeds of the
tautomoric and conformational equilibriums,
mentioned before, could limit this type of
interaction and therefore favor exclusively a
tertacoordination. The obtained ''*Sn chemical shift
values for the synthesized complexes are at lower
frequencies compared with the diorganotin
precursors Me>SnCl, (141 ppm), n-Bu,SnCly (122
ppm), and PhySnCl, (=32 ppm) (Smith &
Tupciauskas, 1978).

Additionally, it has been reported that NMR
coupling constants 2J(''?Sn—"H) and 'J('*Sn-'3C)
were informative parameters that allowed an
interpretation about the coordination number and
the C-Sn—-C angle of the organotin moity.
Furthermore, empirical equations explicit the
mathematical relationship between the 'J, 2/, and
corresponding to methyl-Sn containing complexes
(eq. (1) and eq. (2)) (Lockhart & Manders, 1986;
Rodriguez-Uribe, Claudio-Catalan, Medrano, Luis,
Tlahuext & Godoy-Alcantar, 2020; Lockhart,
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Moreover, complex 3a in DMSO-ds revealed two

broad bands at 8.96 and 8.73 ppm assigned to N-H

proton of dithiocarbamate function which is

elucidated by the dynamic exchange arising

between the two rotational s-cis and s-trans

conformers at room temperature (Scheme 4) (Chniti
S

R' R
\ yaN

N—°C Sn—Cl
AN

|
R

s-cis (R';/C=S)

—

Sanhoury, Merlet & Chehidi, 2014), whereas the
two signals broadening were missing in the case of
complexes 3b and 3¢, presumably due to strong
Vander Walls repulsion between R’ and R groups
which prohibit the confirmational equilibrium
(Scheme 4).

s-trans (R'i,,/C=S)

Scheme 4. Conformational equilibrium for complex 3a.
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Figure 2. '"H NMR spectrum of complex 3a.

In all complexes 3a-¢, the aromatic protons of
aminoantipyrine group exhibited a multiplet at
7.48-7.27 ppm. For example, complex 3¢ displayed
two additional signals at 8.00 and 7.98 ppm
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surrounded by tin satellites owing to spin-spin
coupling of tin atoms with aromatic protons of
SnPh, group with *J('"?Sn—'H) = 72 Hz in DMSO-
ds (Figure 3) (Sedaghat & Shafahi, 2009).
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of the C-S bond at about 1054 and 1023 cm’,
suggesting a monodentate chelation mode.
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Figure 1. Infrared spectra of ligand 1, n-BuSnCl, 2b and the corresponding complex 3b.

The multinuclear NMR spectra of complexes 3a-c
were registred in DMSO-dsand CDCl; at 298K. The
influences of the various alkyl and aryl groups on
the aminoantipyrine dithiocarbamate moiety were
clearly seen in the NMR chemical shifts. The 'H
NMR spectrum of complex 3a (representative
spectrum Figure 2) showed broad signals at 0.98
ppm with 2J('"”Sn~'H) = 50 Hz, different from that
the starting complex Me,SnCl; which showed
2J(""Sn-"H) = 68 Hz in CDCl; (Momeni, Kia &

Ghanbarzadeh, 2012). The latter signals could be
assigned to protons of SnCHsz moiety. Thus, the
remarkable broadening of signals could be due to
conformational and/or tautomirization structures
(Scheme 3) (Jerry & Damian, 2018). It is important
to note that the 'H NMR study of peak
determination at low temperature was not successful
because of the precipitation of the complex in the
NMR tube as soon as we approached 0°C.

S T S T s F|<
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R'—H—C// \Sn—CI — R’—N:C/ Sn—cl —™ R'—H—C/ Sn—Cl
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Scheme 3. Tautomeric equilibriums for complex 3a.
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127.3,129.2, 134.8, and 135.2 (Carom), 152.0 (CH3—
C=C), 160.4 (C=0), 192.7 (C=S); '"Sn NMR
(DMSO-ds, 298K): [J = —139.3. Anal.
Calculated for Cy4H2CIN3OS,Sn: C, 49.13; H,
3.78; N, 7.16. Found: C, 49.02; H, 3.71; N, 7.01.

3. Results and Discussion
3.1 Synthesis

The ligand sodium dithiocarbamate (L) was
prepared in situ according to previously reported
procedures (Singh et al., 1983; Singh et al., 1982).

CH,
\ cH
N 3
]
//S R,SNCly
H_C\ MeOH, r.t
0 SK

The reaction of ligand 1 with dialkyl(diaryl)tin
dichlorides 2a-¢ (dimethyl, di-n-butyl, and
diphenyl) in methanolic solution and in 1:1 molar
ratio respectively afforded the corresponding
products 3a-¢ (Scheme 1). The reactions were
completed within 5 min under stirring at room
temperature. The resulting products were isolated
good yields. They are pale yellow to white air stable
powders. 3b was soluble in CHCIl3;, and CH>Cl,,
while 3a and 3¢ were sparingly soluble in DMSO.

Scheme 1: Synthesis pathway of organotin (IV) dithiocarbamate 3a-c.

Dithiocarbamates can behave either as monodentate
(Altaf, Monim-ul-Mehboob, Kawde, Corona,
Larcher, Ogasawara, Casagrande, Celegato,
Borghese, Siddik, Aldinucci & Isab, 2017) or
bidentate ligands (Adokoh, 2020). The denticity
mode of such derivatives can be identified on the
basis of their solid-state IR and liquid state ''*Sn
NMR analyses (Andrew & Ajibade, 2018).

3.2 Spectroscopic studies

The IR spectra of dithiocarbamates complexes
exhibited three principal areas of particular interest.
The stretching bands in the region 14961457 cm’!
were attributed to [J(N-C) (Onwudiwe & Ajibade,
2010). The second region which determined the
bending mode (Bonati & Ugo, 1967), is located in
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the range 1050950 cm™ and assigned to [(C-S).
The third region from 566-557 and 450417 cm’!
was due to [1(Sn—C) and [1(Sn-S), respectively
(Awang, Kamaludin, Baba, Chan, Rajaajab &
Hamid, 2016). Indeed, the solid-state IR spectra of
complexes 3a-c are practically comparative to that
of the parent ligand expected for the presence of
stretching bands of [1(Sn—S) and [1(C-H), the latter
appeared clearly at 2958-2849 cm in the case of n-
butyl groups in complex 3b (Figure 1).
Furthermore, the appearance of only one stretching
band of the C—S bond at about 1022 cm™ and 1012
cm’! corresponding to complexes 3b and 3¢
respectively, indicated a bidentate mode of bonding,
whereas complex 3a showed two stretching bands
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2.2 Synthesis of ligand and complexes
2.2.1 Synthesis of organotin complex Me,SnCIL
(3a)

The ligand 4-aminophenazone dithiocarbamic acid
(LH) was generated treating
stoichiometric

in situ by

amount of 4-aminoantipyrine,
dissolved in minimum quantity of ethanol with
purified carbon disulphide. The 4-aminophenazone
dithiocarbamic acid produced is unstable and could
not be isolated. However, the sodium salt was
prepared by treating the above mixture with 8N
sodium hydroxide. On stirring the mixture
mechanically for two hours at 5°C, a white
crystalline product separated out which was
recrystallized from acetone and dried in vacuum
over P4O19 at room temperature (Singh et al., 1983;
Singh, Maheshwari, Srivastava & Rani, 1982).
Then, a stoichiometric amount of 10 mL methanolic
solution of Me>SnCl, (5 mmol, 1.09 g) were added,
with constant stirring, to 10 mL methanolic solution
of dithiocarbamate sodium salt (5 mmol, 1.59 g)
which was prepared in situ according to reported
methods (Singh et al., 1983). The reaction mixture
was stirred for approximately 2 min, and white
powder was instantaneously precipitated. On
completion of the reaction, it was filtered and the
filtrate was concentrated under reduced pressure
and dried in vacuo.The obtained white solid was
recrystallized from suitable solvent. A white
powder was slowly formed at room temperature.
Yield: 1.92 g, 83%; mp: 244°C. IR (KBr) ([ max cm’
): vy 3442 (m); ve-0 1644 (s); vy 1489 (m) ; ve-
S 1054(W) and 1023 (W); U(sn—C) 586 (W); U(sn—C) 430
(w). '"H NMR (DMSO-ds, 298K): [ = 0.98 (2t, 6H,
2 x {SnCH3}, 2J(""”Sn—"H) = 50 Hz), 2.20 (s, 3H,
CH3-C=), 3.13 (s, 3H, CH3-N), 7.27-7.45 (m, 5H,
Harom), 8.73 and 8.96 (2br, 1H, N-H), *C NMR
(DMSO-ds, 298K): [1 = 6.6 (CH3—Sn), 11.4 (CH3—
C=), 36.3 (CHs-N), 111.5, 123.8, 126.6, 129.3, and
135.2 (Carom), 154.8 (CH3—C=C), 163.5 (C=0), and
193.2 (C=S); '”Sn NMR (DMSO-ds, 298K): [ =
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94.96. Anal. Calculated for Ci4H3CIN3OS,Sn: C,
36.35; H, 3.92; N, 9.08. Found: C, 36.17; H, 3.88;
N, 8.98.

2.2.2 Synthesis
Bu;SnCIL (3b)

of organotin complex n-

The procedure was similar to the synthesis of
complex 3a. The obtained yellow solid was
recrystallized from MeOH and a white powder was
slowly formed at room temperature. Yield: 2.11 g,
77%; mp: 198°C. IR (KBr) (I Jmax cm™): vy 3444
(m); vc=0 1649 (s); vewn 1491 (m) ; ves 1022(w);
U(Sn—C) 587 (W); U(sn—C) 419 (W) ]H NMR (CDC13,
298K): [1=10.89 (2t, 6H, 2 x {CH3}, *J('"H-"H)=9
Hz), 1.37 (m, 4H, 2 x {CHa,}), 1.61-1.73 (m, 8H, 2
x {SnCH»5CHan}), 2.24 (s, 3H, CH3—C=), 3.18 (s,
3H, CH3-N), 7.28-7.48 (m, 5H, Harom), 8.61 (br, N—
H), *C NMR (CDCl3, 298K): [1 =11.5 (C-H>-Sn),
13.3 (CH3-C=), , 25.1 (CH2-C-H2-Sn), 26.8
(CH—Cr-nH—CrH2-Sn), 295  (CH3-C,Hx>—
CooH>—CrH2—Sn), 34.5 (CHs-N), 109.0, 127.0,
129.7, 130.3, and 132.5 (Carom), 148.9 (CH3—C=C),
158.8 (C=0), and 194.1 (C=S); '"?Sn NMR (CDCls,
298K): [1=-164.84. Anal. Calculated
for Con30C1N3OSzSn2 C, 43.93; H, 5.53; N, 7.69.
Found: C, 43.86; H, 5.51; N, 7.66.

2.2.3 Synthesis of organotin complex Ph,SnCIL
(k1Y)

Complex 3¢ was prepared by a similar method as
complex 3a. The recovered white solid was
recrystallized from MeOH. Yield: 2.04 g, 69%; mp:
169 °C. IR (KBr) (I max cm™): vnz 3415 (m); ve-o0
1636 (S); UC-N 1482 (m) , Uc-s 1012 (m), U(sn—C) 578
(W); Ogsn-c) 441 (w). '"H NMR (DMSO-ds, 298K): [
=2.51 (s, 3H, CH3-C=), 3.37 (s, 3H, CH3-N), 7.41-
7.47 (m, 5SHrigana + 6H345 SnPhy), 7.86-8.12 (dd,
3.]]-1]-1 =6 HZ, 4H, Hz,ﬁ Snth, 3.](1 19SI]—IH) =172 HZ,
3C NMR (DMSO-ds, 298K): [ = 11.4 (CH;-C=),
35.5 (CHs-N), 110.3, 124.0, 124.9, 125.1, 126.7,
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1. Introduction

Dithiocarbamates (DTCs) have been generally
considered due to their structural varieties and
unique chemical and physical properties including
stereochemistry, thermal stability, as well as their
antioxidative, and magnetic properties (Srinivasan,
2019; Fathi, Doustkhah, Rostamnia Darvishi,
Ghodsi & Ide, 2018). The variety of their molecular
structures and various purposes in materials science,
catalysis, optics, detecting,
climate and medication has made the investigation
of DTCs fascinating (Kim, Lee & Han, 2019;
Behjati, Baghdadi & Karbassi, 2018).

The advancement of DTCs metal
chemistry has always been firmly credited to their

electrochemistry,

complex

outstanding coordination potential to transition
elements (Ayyavoo & Ramalingam, 2017), which
produces very stable complexes with many metals
in a bidentate fashion (Liu, Duan, Wei, Cui &
Wang, 2019; Onwudiwe & Hosten, 2018) and offers
to these compounds a wide range of properties and
applications such as anticancer, (Andrew &
Ajibade, 2018; Imran, Zia-ur-Rehman, Kondratyuk
2019)
(Bobinihi, Onwudiwe, Ekennia, Okpareke, Arderne
& Lane, 2019) and as antioxidant agents (Khan, Zia-
ur-Rehman, Butler & Bélanger-Gariepy, 2019;
Oladipo, Omondi & Mocktar, 2019). On the other
hand, tin dialkyl (or diaryl) dichlorides are relatively

& Bélanger-Gariepy, antimicrobial,

strong Lewis acids forming highly coordinated
species with a variety of neutral or ionic ligands
(Shi, Jiang, Duan & Wang, 2014; Shabbir, Ali,
Shahzadi, Tahir & Shahid, 2016) (especially with
those containing heteroatoms such as N, O and/or
S). The structure of such ligands usually affects the
geometry of their corresponding complexes, which
are formed in mono, di or trinuclear coordination
modes, adopting a distorted trigonal bipyramid or
octahedral coordination geometry (Tarahhomi &
Van Der Lee, 2018; Liu, Yan, Chang, Niu & Hong,
2017; Tan, Zhang, Liu, Yu, Zhu, Kuang & Jiang,
2017). In this context, we have recently detailed
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studies on tin(IV) complexes enclosing a diversity
of ionic ligands as Lewis bases (Akremi, Noubigh
& Abualreish, 2018; Akremi & Noubigh, 2019).

highlighted
4-
aminoantipyrine because of their rich diversity of

Although many studies have

organometal complexes derived from
structures and significant biological activities (de
Souza, Machado, de Carvalho, Binatti, Krambrock,
Molphy, Kellett, Pereira-Maia & Silva-Caldeira,
2019; Joseph, Nagashri & Ayisha Bibin Rani,
2013), DTCs 4-
aminoantipiryne (named also 4-aminophenazone
studied (Singh,
Maheshwari & Tomer, 1983). Herein we report on

complexes  involving

dithiocarbamates) are rarely

the synthesis, characterization, and coordination
order investigation of our tin(IV) adducts
(R2SnCIL) using the liquid state ''""Sn NMR
analyses.

2.

2.1 Materials and physical measurements

Experimental

All the reagents, n-BuSnCl,, Me>SnCl,, PhSnCly,
4-aminoantipyrine and CS, were purchased from
Sigma-Aldrich and used as received. The melting
points were determined using crimped sealed pans
by a differential scanning calorimetric instrument
(DSC 131 evo—Setaram, France). Elemental (H, C,
N) analyses of the complexes were performed on an
Exeter Analytical CE-440 FElemental instrument
(Exeter Analytical, UK). Infrared spectra of the
solid compounds were recorded on a Nicolet iS5
Infrared Spectrometer in KBr (Thermo Scientific,
USA) over the range 4000-500 cm™ in KBr discs.
'H (300.13 MHz), *C (75.47 MHz) and '"Sn
(111.9 Hz) spectra were recorded using a Bruker
Avance 300 spectrometer (Bruker, France). TMS
was utilized as the internal standard for 'H and '*C
and SnCl, was used for ''?Sn.
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Abstract: Sodium (1,5-dimethyl-3-oxo0-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)carbamodithioate (L) react with
dimethyltin dichloride R2SnCI2 (R = methyl (2a), R = n-Bu (2b) and R = Ph (2¢)) to produce the new tin adducts
R2SnCIL (3a-c) in good yields. Structures of these complexes were established by IR, 1H, 13C and 119Sn NMR
spectroscopic, and elemental analyses data. The 119Sn NMR analyses in solution revealed an absolute tetra-

coordinate for Me2SnCl2 derivative, whereas, in the case of n-Bu2SnCl2 and Ph2SnCl12 derivatives, five

coordination species were exclusively observed.

Keywords: Tetra- and pent-coordinate; carbamodithioate; liquid state 119Sn NMR.
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6. Conclusion

The FVM has been developed for solving the
SFCE, the numerical solution has been
represented in an implicit scheme, and the von
Neumann stability analysis and consistency have
been discussed. The Numerical results have been
found using Mathematica software 11.0 and
found that this method has close to the exact
solution, see table.2 and table 4 depict that the
FVM is more accurate to the exact solution in
two different experiments. In the future, we can
extend this method to solve SFCE with time-
fractional order.
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Table3. The numerical results of 1 (x, t)of Example 5.2 att = 0.5, with varying a.

x Exact a=0 a=0.05 a=0.15

1. —0.01570 —0.01539 —0.01233 —0.0080
1.01563 0.03337 0.03370 0.03605 0.03974
1.03125 0.08237 0.08272 0.08470 0.08798
1.04688 0.13117 0.13154 0.13327 0.13623
1.0625 0.17966 0.18004 0.18157 0.18427
1.07813 0.22771 0.22811 0.22947 0.23193
1.09375 0.27521 0.27562 0.27684 0.27908
1.10938 0.32205 0.32248 0.32356 0.32560
1.125 0.36812 0.36856 0.36951 0.37136

Table 4. Exact, approximate, and absolute error results of P(x, t) of Example 5.2

att = 0.5,a=0

x Exact Approximate Absolute error
1. —0.0157073 —0.01539 3.14407 x 1074
1.01563 0.0333732 0.03370 3.32690 x 107*
1.03125 0.0823734 0.08272 3.50172 x 1074
1.04688 0.131175 0.13154 3.66811 x 1074
1.0625 0.179661 0.18004 3.82565 x 107*
1.07813 0.227714 0.22811 3.97398 x 1074
1.09375 0.275218 0.27562 411274 x 107*
1.10938 0.322059 0.32248 4.24159 x 10~*
1.125 0.368125 0.36856 436022 x 107*
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Example 5.2: Consider the following SFCE

aP(x,t)
at

subject to the initial condition  (x,0) =
sin(mx),at @ = 0 the exact solution Y(x,t) =
sin(n(x — et)), the numerical results of FVM with
varying a such that & € {0.15,0.05,0} are given in
Table3 at the time t = 0.5 and x € [1,1.125]
using T = 0.01 and h = 0.015625. Table 4 shows

+e%3¢&J)=Qe=1x1ma¢>axeUﬂLoga<L

(13)

a numerical result of ¥ (x,t) att=0.5 a =0,x €
[1,1.25]. The absolute error in Table 2 shows that
the exact approximate solution of (x,t) is very
close to the approximate solutions of ¥ (x, t) at @ =
0. In figure 2 the surface plot of solution ¥ (x, t) are
given at @ = 0.75, x € [1,1.8].

Figure 2. Surface plot of solution 1 (x, t)of Example 5.2 at &« = 0.25
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Tablel. The numerical results of Y (x, t) of Example 5.1 att = 0.5, with varying a.

X Exact a=0 a=0.05 a=0.15

1. 2.704724 2.704891 2.670914 2.641113
1.015625 2.747317 2.747487 2.730628 2.712593
1.03125 2.790581 2.790753 2.779730 2.766780
1.046875 2.834526 2.834701 2.826601 2.816505
1.0625 2.879164 2.879341 2.872990 2.864727
1.078125 2.924504 2.924684 2.919492 2.912511
1.09375 2.970558 2.970742 2.966372 2.960338
1.109375 3.017338 3.017524 3.013768 3.008462
1.125 3.064854 3.065043 3.061760 3.057033
1.140625 3.113118 3.113310 3.110404 3.106147
1.15625 3.162143 3.162338 3.159737 3.155870
1.171875 3.211939 3.212138 3.209789 3.206251
1.1875 3.262520 3.262721 3.260586 3.257328
1.203125 3.313897 3.314102 3.312147 3.309131
1.21875 3.366083 3.366291 3.364492 3.361687
1.234375 3.419091 3.419303 3.417638 3.415020
1.25 3.472934 3.473149 3.471603 3.469149

Table2. Exact, approximate, and absolute error results of 1(x, t) of Example 5.1 at

t=05a=0

X Exact Approximate Absolute error
1. 2.704724 2.704891 1.670690 x 10™*
1.015625 2.747317 2.747487 1.696999 x 107*
1.03125 2.790581 2.790753 1.723723 x 107*
1.046875 2.834526 2.834701 1.750868 x 107*
1.0625 2.879164 2.879341 1.778440 x 10™*
1.078125 2.924504 2.924684 1.806447 x 10™*
1.09375 2.970558 2.970742 1.834894 x 1074
1.109375 3.017338 3.017524 1.863789 x 107*
1.125 3.064854 3.065043 1.893140 x 107*
1.140625 3.113118 3.113310 1.922952 x 1074
1.15625 3.162143 3.162338 1953234 x 107*
1.171875 3.211939 3.212138 1.983993 x 107
1.1875 3.262520 3.262721 2.015237 x 107*
1.203125 3.313897 3.314102 2.046972 x 107
1.21875 3.366083 3.366291 2.079207 x 10~*
1.234375 3.419091 3.419303 2.111950 x 10~*
1.25 3.472934 3.473149 2.145208 x 10~*
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i
—0(z + h?) — eho1 [z WA (i,
=0

i+1

th1) — z WP (Xi—j+1 trrr)
i=0

Use (7) and (8) we have e]' = O(t + h?),and e!' > 0as7 > 0andh - 0.0

4.3. Convergence

The numerical scheme (10) is consistent and stable,
so, by the fundamental theorem of numerical
methods for differential equations, the given
numerical scheme is convergent.

5. Numerical Experiments

aP(x,t)
at

subject to the initial condition ¥ (x, 0) = Exp(x), at
a = 0 the exact solution Y(x,t) = Exp(x — €t),
the numerical results of FVM with varying a such
that a € {0.85,0.95,0} are given in Tablel at the
time t = 0.5 and x € [1,1.125] using T = 0.01 and
h = 0.015625. Table 2 shows a numerical result of

+6:—x Y, ) =0,e=1x10"2t>0,x€[12,0<a <1,

Two examples are introduced in this section to
evince the accuracy of the proposed method, the
calculations are performed by Mathematica
Software 11.0.

Example 5.1: Consider the following SFCE

(12)

Y(x,t)att=0.5, a = 0,x € [1,1.25]. The absolute
error in Table 2 shows that the exact approximate
solution of P (x, t) is very close to the approximate
solutions of ¥(x, t) at « = 0. In figure 1 the surface
plot of solution ¥ (x, t) are given at @ = 0.75, x €
[1,1.8].

Figure 1. Surface plot of solution 1 (x, t)of Example 5.1 at &« = 0.25
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eh[wi; —wl 1), j<i-2
eh*[wg — wf], j=i—-2
eh®[wy —wy], j=i-1
kij =4 eh“[wg —wi], j=i
eh*[-w§], j=i+1
0, j>i+1
4. Numerical Analysis 4.1. Stability Analysis
Prrioyn

Theorem 2. The numerical scheme fwl = %Z?’:o k; j1/)]’-l+1 ,1 =0,1, ..., N is conditionally stable.

Proof: Substitute I = ™ exp(il§), into the scheme

n+1

n 1N
- _‘iz—Ek--lpﬂ“i:mz N
l]] ) Lt bl RN .
T hj:0

We have

P+t exp(ilé) — Y exp(il€) = r XN o ki ™t exp(jIE) 7 = %
Pt =pYPT,

p(&) satisfies the von Neumann condition if |Z9’:0 k;jexp (G — DIH| = %, for Vi which means that the
given scheme is conditionally stable.

4.2. Consistency Proof: Insert y(x,t) into expression (10) we get

Theorem 3. The numerical scheme (10) is
consistent, with first-order accuracy in time and
second-order accuracy in space.

YPXitns) P Xiptn) _ - i i
% =eh® 1[2}:0 WP (X jy ther) — Z;J;%) Wi (Xioji1, tns1)]

Y Fitnt) =P xitn) - i i
e :% —eh® 1[25:0 WP (X jy tnsr) — Z;ﬁ) W‘alp(xi—j+1'tn+1)]’
the temporal backward difference combined with a control volume averages can be written as:
Y&Xitne) =P Xitn) _ dPiltnes) Ot + h?).

T dt
We have
di(tni1) - i i
e/ = d—tnﬂ —0(t + h?) — eh”® 1[2}:0 WP (X j tngr) = Zjeo Wi (Xi—js1, tne1)]-

Using equation (6) we have

ef'= JIEW0 Dl ~JEW 0 Olxms ]
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Theorem 1. Let a > 0, and { € C[a, b]. Then,

J§(x) = limhe z[ "y WRY(x —kh), h=",a <x <b, where w§ =1, wf=a and w = (1 -

k=0
C=) k=23,

Proof of Theorem 1. see (Arqub et al., 2020).

A new formulation of FVM is proposed for solving

3. Finite Volume Method the SFCE in the following form:
PED b e Jip(rt) =0 t>0,0<a<1, 3)
subject to the initial condition
P(x,0)=f(x),a<x<bh, 4)

where € is a positive parameter, f(x) is given  podes x; =a+ihh=22,i=0,1,..,N, and
analytical function, (x,t) is an unknown smooth N

. . . . . define a time partition ¢, =nt, 7 is the time
function, and JJis the fractional integral with P . th
. . . . . step, n = 0,1, .... Integrating (3) over the i*" interval
respect to x in Riemann-Liouville sense. First,

discretize a finite domain I = [a, b] and that yields [xi-%’ xi+§]:
2 0Y(x.t) *ird
[t " 5 el ) dx (5)
2
Divide each side by h
¥l opeD)
wle : o A= UEwG ) -JEP(x, 0 0, (6)

using the standard Griinwald-Letnikov formula for  J%(x,t) atx = xi_§ and x = x, +h here we require

approximate the Riemann-Liouville integral . . 1
the fractional shift p = 5 80, we have:

JEWC Olems,_, = JE (%38) = KB o wip i) + 0D )
JEWC Olms, , =I5 (%,28) = B EIE WP (i ji0,) + 0 (1), ®)
Y(x, t) is a smooth function, hence, the 1;(t) = f ”‘I/J(x t) dx coincide with dlp(x’ 9 1o 0(h?).

So, the equation (6) can be approximated by

dw(xl £ _
ha 1[2] 0 ]alp(xl ]'t) Zl+1 ]'Ollp(xi—j"'l' t) ] (9)
Now, using the standard backward difference to approximate the temporal derivative in (9)
dlp(xl t) _ Yitar )P (xitn)
= R 4 0(7),
t=tn41 T
Letting ;' = lp(xl, tn), then we have
Ipln+ _II)L —
= eh® ! [Tioo Wil — T wi i (10)
Rewrlte equation (10) as:
i n+l
Z] okiji™, 1=012,..,N, (11)

T
where k;; given by
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1. Introduction fractional Cauchy equation FCE that has been
In optics, the mathematician Augustin-Louis proposed by several scholars. Liu, Li, & Piskarev,
Cauchy has been introduced the relationship (2015) solved the semilinear FCE on a Banach
between the wavelength and refractive index of the space, where the time-fractional derivative is in the
light and modeled the empirical relationship by the Caputo—Dzhrbashyan  sense. Li, (2018)
Cauchy transmission equation in 1836. investigated the Holder regularity to the fractional
Recently, Numerical solutions for Cauchy equations Cauchy equation with the order in (0,1).

have continued to the attention of physicists and During this paper, the finite volume method was
mathematicians, in addition, there is an extended introduced to discuss the solution of the fractional
number of papers that were devoted to solving the Cauchy problem in the following form:

WD+ e~ Jap(x,t) =0 t>0,0<a<1, (1)
with initial condition
P(x,0) = f(x), a<x<b, (2)

where € is a positive parameter, f(x) is a smooth Hejazi, Moroney, & Liu, (2014), Edwan, Saadeh,

function, and o is the order of space fractional Hadid, Al-Smadi, & Momani, (2020).

integral. Several scholars used the FVM for solving This paper is organized as follows. In the next

various types of differential equations, for example, section, some preliminary about fractional

Fu, Liu, & Wang, (2019) verified the feasibility of ~ derivatives and integrals is proposed. Section 3

a finite volume scheme in one and two dimensions contains a new formulation of FVM for solving the

for solving a space fractional diffusion equation and IVPs (1) and (2). Section 4 is devoted to theoretical

achieved convergence and stability analysis for the analysis and discusses the von Neumann stability

scheme (Fu, Sun, Wang, & Zheng, 2019 and. Zhao, analysis. Numerical examples are given in Section

Fang, Li, & Liu, 2020a). proposed a Finite volume 5 to show the validity of the method. Finally, in

element FVE scheme to solve the time-fractional Section 6 some conclusions are given.

Sobolev equations on triangular grids, and they

verified the achievability of this method. Also Zhao, 1. 2.Preliminaries

Fang, Li, & Liu, (2020b). introduced an FVE We introduce in this section some definitions and

scheme for the fractional mobile/immobile transport theorems related to the Riemann-Liouville

equations by using the weighted and Shifted fractional integral and the Griinwald-Letnikov

Griinwald difference WSGD formula in handling formula.

the Riemann—Liouville space fractional derivative,

the error estimation and stability analysis of the Definition 1. (see (Podlubny, 1998)) The fractional

scheme have been carried out. For more studies, see integral of order @ > 0 in Riemann-Liouville sense

Arqub, Edwan, Al-Smadi, & Momani, (2020), 2 (x) is defined as:

JoP(x) = %a) (e = )% 1y(t)dt , provided that ¥ € Ly [a, b].
where I'(a@) = fooo s le=Sds, a >0, (a+1) =al(a), (@) (1—a) =

Where the function’ I"’ is the Euler function.
Definition 2. (see (Podlubny, 1998) ) Let ¢ € order a in Griinwald-Letnikov sense D%(x) is
C'[a, b], @ > 0. Then the fractional derivative of  defined as:

Y

sinma’

xX—a

Dip(x) = Jim hizLTo (D*(Dw(x—kh), a<x < bh==—.

N is the number of subdivisions of the interval.
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Abstract: A new formulation of the Finite Volume Method (FVM) is introduced for solving the space-fractional
Cauchy equation (SFCE), this method converts the SFCE to the implicit scheme by using the fractional Griinwald-
Letnikov formula. The von Neumann stability analysis shows that the proposed method is conditionally stable.
Our examples show the results for different values of fractional order and show the approximated solution is close
to the exact solution that revealing the reliability and efficiency of the proposed method.
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The bibliography, list of all the sources used in the process of researching, must be added in alphabetical order using
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