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ABSTRACT

Stable crystalline phosphorus ylides were obtained in excellent yields
fromthe 1:1:1 addition reactions between triphenyl phosphine and dial kyl
acetylenedicarboxylates, in the presence of SH-heterocyclic compound,
such as 2-mercapto pyrimidine. These stableylidesexist in solutionasa
mixture of the two geometrical isomers as aresult of restricted rotation
around the carbon-carbon partial double bond resulting from conjuga-
tion of the ylide moiety with the adjacent carbonyl group. In the recent
work, NMR study and the stability of the Z- and the E- isomers were
undertaken for the two rotamers of phosphorus ylides involving a 2-
mercapto pyrimidine [namely dimethyl 2-(pyrimidine-2-sulfanyl)-3-
(triphenyl phosphanylidene) butanedioate] by natural population analy-
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sis (NPA) and atoms in molecules (AIM) methods.
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INTRODUCTION

The synthesisof phosphorusylidesisanimportant
reaction in organic chemistry because of the applica-
tion of thesecompoundsinthesynthes sof organic prod-
uctg**7, Several methods have been developed for
preparation of phosphorusylides'®tY, Theseylidesare
usually prepared by treatment of aphosphonium salt
with abase, and phosphonium saltsare usualy pre-
pared from the phosphine and alkyl halide’??l. Phos-
phonium sdtsarea so prepared by Michael addition of
phosphorusto activated ol efined¥. The phosphonium

salts are most often converted to the ylides by treat-
ment with astrong base, though weaker bases can be
usedif the salt isacidic enough. Michael addition of
phosphorus (1r) compoundssuch astriphenyl phosphine
to acetylenicestersleadsto reactive 1, 3-dipolar inter-
mediate betaineswhich are not detected even at low
temperature. These unstable species can be trapped
by aproticreagent, ZH, such asmethanal, amide, imide,
etc. to produce variouscompounds e.g. ylides*7,
Theseylidesusually exist asamixtureof thetwo
geometrical isomers, athough someylidesexhibit one
geometrical isomer. Assignment of the stability of the
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two Z- and E- isomersisimpossible in phosphorus
ylides by experimental methods such as*H and *C
NMR and IR spectroscopy, mass spectrometry and
elementa analysisdata. For thisreason quantum me-
chanicd cdculation hasbeen performedinordertogain
abetter understanding of the most important geometri-
cal parametersand a so rel ative energies of both the
geometrical isomers.

RESULTSAND DISCUSSION

Calculations

A facile synthesis of the reaction between
triphenyl phosphine 1, dialkyl acetylendicarboxylates
2 and 2-mercapto pyrimidine 3 (asa SH- heterocy-
clic compound) for generation of phosphorusylides
4a-binvolving thetwo geometrical isomerssuchasZ
and E isomers have been earlier reported®®. There-
actionisshownin Figure 1. For assignment of the
two Z and E isomers as aminor or major form in
phosphorusylides 4a-b containing a2-mercapto py-
rimidine, first the Z- and the E- isomerswere opti-
mized for al ylide structures at HF/6-31G(d,p) level
of theory!*® by Gaussian98 package programi®. The
rel ative stabilization energiesin both the geometrical
isomers have been cal culated at HF/6-31G(d,p) and
B3LY P/6-311++G** |evels. Atoms in molecules

(AIM)2Y natural population analysis (NPA) meth-
ods and CHel pG keyword at HF/6-31G(d,p) level
of theory have been employed in order to gain abet-
ter understanding of most geometrical parameters of
both the E-4(a, b) and the Z-4(a, b) of phosphorus
ylides. The numbersof critical pointsand intramo-
lecular hydrogen bonds aswell asthe charge of at-
omsthat constructed on the Z- and E- isomershave
been recognized. Theresultsaltogether reveal the ef-
fectivefactorson stability of Z- and E- ylideisomers.
Therel ative stabilization energiesfor thetwo [ Z-4(a,
b) and E-4(a, b)] isomers (See Figures2 and 3) are
reported in TABLE 1, as can be seen, E-4aand E-
4b isomersaremore stablethan Z-4aand Z-4b forms
(0.95and 0.45 kca/mol, respectively) at B3LY Plevel.
In addition, Iy thevalues of proton and carbon cou-
pling constants and also chemical shifts (5" _, 6%, )
have been calculated at mentioned level using
SPINSPIN keyword.

Further investigation was undertaken in order to
determine moreeffectivefactorson stability of thetwo
Z- and E- isomers, onthebasisof AIM calculations at
HF/6-31G(d,p) level of theory by the A1M 2000 pro-
gram package??. Inrecent years, AIM theory has of -
ten appliedintheanaysisof H-bonds. Inthistheory,
thetopologica propertiesof thedectron dendty distri-
bution arederived from the gradient vector field of the
electron density Vp(r) and ontheLaplacian of theelec-
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Figurel: (i) Thereaction between triphenylphosphine1, dialkyl acetylenedicar boxylate 2 (2a or 2b) and 2-mer capto
pyrimidine 3for generation of stable phosphorusylides4 (4aor 4b). (j) ThetwoisomersZ-4aand E-4a (minor and major,

respectively) of ylide4a.
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TABLE 1: Therdativeenergy (kcal/mol) for thetwoZ and E
isomer sof ylides4a and 4b, obtained at HF/6-31G(d,p) and
B3LY P/6-311++G(d,p) levels.

Conformer HF B3LYP
Z-4a 141 0.95
E-4a 0.00 0.00
Z-4b 114 0.45
E-4b 0.00 0.00

trondensity V?p(r). The Laplacian of theel ectron den-
sty, V2p(r), identifiesregionsof spacewhereinthedec-
tronic chargeislocally depleted [ V2p(r) > Q] or built up
[V2p(r) < 0]Y, Two interacting atomsin amolecule
formacritical point inthe eectron density, where Vp
(r) =0, cdled thebond critical point (BCP). Thevaues
of the chargedensity and its Laplacian at these critical
pointsgiveuseful information regarding thestrength of
theH-bonds?2. Therangesof p(r) and V2p(r) are0.002
—0.035 e/a;’ and 0.024 - 0.139 e/a ?, respectively, if
H-bonds exist!?®l. The AIM calculation indicatesin-
tramolecular hydrogen bond critical points (H-BCP)
for the two Z-4(a, b) and E-4(a, b) isomers. In-

E-4a

Figure?2: (i) Intramolecular hydrogen bonds(dotted lines) in
thetwo E-4aand Z-4ageometrical isomer sof stableylide4a,
(j) Part of molecular graphs, including intramolecular hy-
drogen bond critical points(BCPS) for thetworotational iso-
merssuch as E-4a and Z-4a. Small red spheres, and lines
correspondingto BCPSbond paths, respectively.
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tramolecular H-BCPsa ong with apart of molecul ar
graphsfor thetwo rotationa isomersareshowninFig-
ures2 and 3 (dotted line). Most important geometrical
parametersinvolving someH-bonds (bond length and
their relevant bond angle) arereported in TABLE 2.
The eectrondensities (p)x10% Laplacian of electron
density V?p(r) x102, and energy density -H(r) x10*
are also reported in (TABLES 3 and 4). A negative
total energy density at the BCP refl ectsadominance of
potential energy density, which isthe consequence of
accumul ated stabilizing ectronic charge®. Herein, the
number of hydrogen bondsin both categories (E-4a
and Z-4a) and (E-4b and Z-4b) are (6 and 5) and also
(6 and 5), respectively. Thevauesof p and V2p(r) x10°
for thosearein theranges (0.002—-0.011 and 0.006 —
0.010 &/a?) and (0.002—0.011 and 0.006 —0.010 e/
a%) and also (12.48—44.24 and 27.12 - 38.44 e/a %)
and (12.56—42.00 and 27.24 — 38.24 ¢/a_®), respec-
tively. In addition, the Hamiltonian [-H(r) x10%] arein
the ranges (6.70 — 17.60 and 5.50 — 17.10 au) and
(6.50—17.30 and 5.50 — 17.20 au), respectively (See

Z-4b

o & HI4
1364 Y [
< 1

; L]
\ - —r iy - .
o .c""" 2.f:\

e\ .
@ +9C1Y /s 04
P . .
[ 1

Figure3: (i) Intramolecular hydrogen bonds(dotted lines) in
thetwo E-4b and Z-4b geometrical isomer sof stableylide4b,
(j) Part of molecular graphs, including intramolecular hy-
drogen bond critical points(BCPS) for thetwor otational iso-
merssuch as E-4b and Z-4b. Small red spheres, and lines
correspondingto BCPSbond paths, respectively.
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TABLES 3 and 4). These HBs show V?p(r) > 0 and
H(r) <0, which according to classification of Rozaset
al > are medium-strength hydrogen bonds. In both
ylidesthe dipole moment for thetwo E-4aand E-4b
isomers (5.28 and 5.24 D, respectively) are smaller
than thetwo Z-4aand Z-4bisomers (6.99and 6.85D,
respectively) andthevaueof -H,  (=2-H(r) x10") for
thetwo E-4aand E-4bisomers(73.92 and 74.90 au,
respectively) are larger than the two Z-4aand Z-4b
isomers(65.30 and 65.00 au, respectively). Thesedif-

ferences, involvingasmdl differencein dipolemoment
and aconsiderabledifferencein—H, , and more num-
ber of hydrogen bonds (TABLE 5), dtogether, make
only thedightest stability on theseisomersin compari-
son with the Z-4(a, b) forms. Also, the charge on dif-
ferent atomswhich are calculated by AIM and NPA
methods and also CHelpG keyword at HF/6-31G(d,p)
level arereported in TABLE 6 for thetwo Z- and E-
isomersof ylides4aand 4b. Thereisgood agreement
between theresultsin three methods.

TABLE 2: Mogt important geometrical par ameter scorresponding to H-bonds(bond lengthsand their relevant angles) for the
two Z and E isomer sin both ylides4a and 4b. Bond lengthsin Angstromsand bond anglesin degr ees, respectively

E-4a Z-4a E-4b Z-4b
CioH14.... Oz 2.41%(124.00)° 2.75(109.37) 2.45(121.77) 2.78(108.61)
CHa.....Cao 2.55(117.66) 2.61(113.93) 2.55(117.67) 2.62(113.59)
CaiHas....0u 3.07(129.08) 3.45(114.79)
CaHas....Cao 2.73(106.29) 2.74(106.16)

2 pond length; ® bond angle; * Isrelevant to the Z isomer

TABLE 3: Thevaluesof a=p(r) x10% b=V?p x10® and c=-
H(r) x10*for thetwo Z-4aand E-4aisomer sof ylide4acalcu-
lated at thehydrogen bond critical points. All quantitiesare
in atomic units.

TABLE 4: Thevaluesof a=p(r) x10°%, b=V?p x10° and c=—
H(r) x10*for thetwo Z-4b and E-4b isomer sof ylide4b calcu-
lated at thehydrogen bond critical points. All quantitiesare
in atomic units.

E a b c Z a b -C E a b c Z a b -C

1 726 2804 670 1 724 2712 550 1 728 279 650 1 723 2892 550
2 1167 4424 1020 2 6.61 2848 1250 2 1080 4200 1150 2 6.28 2724 1220
3 925 3216 1510 3 971 3412 1480 3 927 3212 1500 3 973 3428 14.90
4 276 1248 770 4 9.00 32.08 15.40 4 955 3600 1730 4 898 3172 1520
5 1168 4120 1680 5 1047 3844 17.10 5 1161 4092 1680 5 1036 3824 17.20
6 957 3648 17.60 6 278 1256 7.80

Onthebasisof theoretical calculations(TABLE 1),
thedifference between therdative sability of the E-4a
and Z-4aand also E-4b and Z-4b aresmall (0.95and
0.45 kca/mol, respectively) in gasphase. Thisresult (a
dightly difference on stability) iscompletely consistent
with the obtained resultson the basisof AIM calcula
tion for determination of themost geometrica param-
eters. For thisreasonit is possibleto observethetwo
isomersof 4aand 4b (both the Z- and the E- isomers).
Inthe synthesis of ylide 4aand 4b*#, theH, 13C, 3P
NMR data showed the two isomersfor the ylide 4a
and 4b with more experimenta abundance percentage
for thetwo E-4a(65%) and E-4b (59%) asthe mgjor
isomers, those are compatiblewith the obtained result
fromthetheoretical investigations.

Theindividual chemical shifts have been charac-

terized by NMR calculationsat mentioned level. The
total spin-spin coupling constant isthe sum of four
components: the paramagnetic spin-orbit (PSO), dia
magnetic spin-orbit (DSO), Fermi-contact (FC) and
spin-dipole (SD) terms. Thevaue of chemical shifts
(8) and coupling constants (J, ) are reported in
TABLE 5: Themost important geometrical parameter sin-
volvingthevalueof -H _/au, dipolemoment/D and thenum-

ber of hydrogen bondsfor thetwo Z- and E- isomer sof ylides
4aand 4b.

Ge_ometrical “Hylau Dipole number of
isomer moment/D  hydrogen bond

E-4a 73.92 5.28 6

Z-4a 65.30 6.99 5

E-4b 74.90 5.24 6

Z-4b 65.00 6.85 5
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TABLE 6: Thechargeson different atomsfor thetwoZ and E
isomersin both ylides4aand 4b, calculated at HF/6-31G(d,p)
theoretical level.

N“gt‘gﬁ]' of 24 E-4a 7-4p E-4b

o O0B0(037) -0.78(049) 0.77(0.28) 077 (-046)
(-0.90)° (-0.88) (-0.89) (-0.87)

o 186(091) 1.85(0.91) 185(0.86) 184 (0.89)
(0.96) (0.95) (0.96) (0.95)

o, 024(009 023(005) 024(012) 026(009)
(-0.44) (-0.45) (-0.44) (-0.45)

0 -138(065) -142(072) -137(-062) -141(-0.71)
(-0.76) (-0.80) (-0.77) (-0.80)

on  129(048) -126(034) -130(-057) -1.26(-047)
(-0.66) (-0.64) (-0.67) (-0.65)

o 324(007) 324(015 3.25(013) 3.24(0.14)
(187) (188) (187) (188)

@ Calculated by AIM method.; ® Calculated by CHelpG Key-
word.; ¢ Calculated by NPA method.

TABLE 7: Selected *H NM R chemical shift (§ in ppm) and
coupling constants (J in Hz) for somefunctional groupsin
the E-4aisomer asamajor form.

—= Pyl Peper

(TABLES?7, 8,9 and 10) for thetwo major E-4(a, b)
and minor Z-4(a, b) geometrical isomers. Ascan be
seen, thereis good agreement between both the ex-
perimental*® and theoretical chemical shifts(8) and
coupling constants (J, ., ). Inthe present work, mo-
lecular structuresof ylides4a-binvolvingthreelarge
atoms such as sulfur, phosphorus and nitrogen along
with thelarge numbersof other atomshavevery huge
structures, for thisreason, employment of basis set
higher than HF/6-31G(d, p) isimpossibleinahigher
performancefor moreaccurate caculations. Thislimi-
tation causesasmall difference between both the ex-
perimental and theoretica coupling constantsin some
functiona groups.

TABLE 8: Selected *H NM R chemical shift (§ in ppm) and
coupling constants (J in Hz) for somefunctional groupsin
theZ-4aisomer asaminor form.

Groups 8"/ppm Jen/Hz Groups 8"/ppm Jen/Hz
1H,t, Ar-H 6.71%(6.52)" 2H, d, Ar-H 8.18%(8.31)°
6H, 25, 2 CO,Me 3.59 (3.50) and 3.69 (3.53) 1H, t, Ar-H 6.73 (6.50)
15H, m, 3CeHs ~ 7.40- 7.74(7.40 - 7.83) 6H, 25,2 CO,Me  3.69 (3.80) and 3.41 (3.63)
2H, d, Ar-H 8.17 (8.47) 15H, m, 3C¢Hs 7.40- 7.74 (759 - 7.73)
1H, d, P=C-CH 4.86 (3.91) 19.20°(19.32)°  1H,d, P=C-CH 4.86 (3.86) 18.10° (17.67)°

@ Experimental data in accord with the results reported in the
literature?®; ® Theoretical data.

TABLE 9: Sdlected *C NM R chemical shift (8 in ppm) and
coupling constants (J in Hz) for somefunctional groupsin
the E-4aisomer asamajor form.

a Experimental data in accord with the results reported in the
literature?®; ® Theoretical data.

TABLE 10: Selected *C NM R chemical shift (& in ppm) and
coupling constants (J in Hz) for somefunctional groupsin
theZ-4aisomer asaminor form.

Groups 8%/ppm Jpc/Hz Groups 3%/ppm Jpc/Hz
d, C*=0 169.38% (168.89)° d, Cortho 132.45% (132.79)° 9.50° (10.66)"
d, Cortho 132.63 (134.11) 9.70*(10.34)° d, Cipso 125.53 (126.87) 92.10 (92.89)
d, Cipso 124.87 (127.64) 92.30 (90.80) d, Creta 127.48 (126.75)
d, Creta 127.59 (126.27) d, c"=0 168.96 (169.04)
25, 20Me 48.242(46.12) and S, 2NCH_om 156.28 (157.57)
49.21 (47.00) d, Coma 130.86(132.17)
s, 2NCHaom 155.45 (157.70) d. P=C-C'H 49.65(46.00)
d, Cpaa 130.84 (132.22) 45.33 (51.22) and
7 2s, 20Me
d, P=C-C'™H 49,02 (44.82) 47.12 (51.58)
NCN 172.23 (178.04) NCN 172.00 (178.38)

@ Experimental data in accord with the results reported in the
literaturel®; ® Theoretical data.

CONCLUSION

Theassignment of the Z- and E- isomersasami-
nor or magjor form in both the ylides 4aand 4b were

a Experimental data in accord with the results reported in the
literature?®; ® Theoretical data.

undertaken by AIM and NPA methods and also
CHdpG keyword. Quantum mechanicd caculaionwas
clarified how theylides4aand 4bexistin solutionasa
mixtureof thetwo geometrical isomers. Thisresult was
ingood agreement with the experimenta data. In addi-
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tiontheNMR study on thebasisof theoreticd cacula-
tionswereemployed for determination of chemicd shifts
and coupling constants of thetwo mgor E-4(a, b) and
minor Z-4(a, b) geometrical isomers.
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