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Abstract

Attempts to prepare [Se(GEBH,COOH)Y]'CI from Se(CHCH,COOH) and
H,C=CHCOOH in concentrated hydrochloric acid, for toeresponding sulfonium salt, led
exclusively to the Se-betaine, Se(tH,COOH)(CH,CH,COO). The Se-betaine
crystallises in the space group/@2vith the cell dimensions at 223 K, a = 5.5717d)F
24.6358(4), c = 8.4361(1) R,= 104.762(1)°V = 1119.74(8) A Z = 4, Qac = 1.763 Mgn',

u = 3.364 Mnit. The structure refined to;R 0.0223 for 2801 reflections with, B 4o(Fo). In
the crystalline state the molecule is intermoledylinked to neighbouring molecules by a
number of hydrogen bonds; a very strong carboxgdidoxylate bond with an O----O
distance of 2.4435(16) A, a medium strong carbeoxgdirboxylate bond with an O----O
distance of 2.6431(16) A and several weak O----H\@kth O----C distances between 3.2
and 3.3 A. In the carboxylic group involved in thery strong hydrogen bond the O----H
bond isantiperiplanarto the C=0 bond while the O-H bondperiplanarto the C=0 bond in
the second carboxylic group. Based upon the C-@ lemgths and the elongation of the O-H
bond involved in the strong hydrogen bond one megcdbe the compound as strongly
linked units of Se(CHCH,COOH)(CHCH,COO), rather than
Se(CHCH,COOH)(CH,CH,COO). The selenium atom forms two strong intramaksc
1,5-Se----O contacts, with a carboxylate oxygem,a®9385(12) A, and with a carboxylic
oxygen atom, 2.8979(11) A. To allow for these cotstéhe two organic fragments have been
forced into theperiplanar conformation. The molecule is only slightly asyntneewith
regard to the C-Se-C bond angles but is very asynoweith regard to the torsion angles.
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1. Introduction

Some 60 years ago Schoberl and Lange [1] showet dilarides and bromides of
[S(CH.CH,COOH)]" could be prepared in high yield by addition of’3tBobis(propanoic
acid) to propenoic acid (acrylic acid) in stronglyidic agueous solution, Eq. 1.

S(CH,CH,COOH), + CHCHCOOH HX/H0 | [S(CHCH,COOH)]*X™ (Eq. 1)
0°C

The isolated salts were stable and non-hygrosaapids and were purified by crystallisation

from ethanol. When aqueous solutions of the sattiewweated, however, the weakly soluble
betaines, the corresponding bases of the sulfosalts, crystallised from the solution upon

cooling, Eq. 2.

H,0

[S(CH;CH,COOHY] "X’ S(CHCH,COOHL(CH,CH,COO) Eq. 2)

Apparently, these sulfonium cations are so acidat an equilibrium exists with Chnd Br

in aqueous solutions. The corresponding salts éerirvom HOOCCHSCH.CH,COOH were
also prepared, Eq. 1, and were found to behavermathmilarly [1]. However, all attempts to
prepare sulfonium salts with two or three acetic @goups failed, only the corresponding
bases, the weakly soluble betaines, previously dahetins[2], were formed. This suggests
that the acidity of this class of cations followsetfollowing sequence: [(Pr4S]" ~
[(PrA)2(AcA)S]" << [(PrA)(AcA)S]" ~ [(AcA)sS]"; PrA and AcA being abbreviations for
propanoic acid and acetic acid, respectively.

Since salts of [S(CKCOOHY)]"*, and also [Se(CHCOOHY)]" [3], are presently unknown, a
structural study of their corresponding betaines wexently performed [4]. In this work it
was shown that the cause for the very weakly baaiare of these compounds was due to
two strong intramolecular 1,4-X----O contacts tbem to prevail in agueous solutions as
viewed by the low solubility of these compoundswater. The fairly equal S----O and
Se----O intramolecular distances in the two betanggested the latter interactions to be the
stronger ones [4]. The possibility of only one sweomtact in [(PrA)(AcA)S]" and none in
[(PrA)sS]” might therefore be the reason for the acidityusege as mentioned above.

To further examine the effect of this type of imigtions a study on the readily available
[S(CH,CH,COOH)]" halides [1] and the corresponding, but unknowtgrsmium salts was
started. However, when attempting to prepare thelensaium salts from
Se(CHCH,COOHY), as described for the sulfonium salts [1] Eq.llydhe Se-betaine],
could be isolated from the reaction mixture.

Se(CHCH,COOH)(CH,CH,COO) ()

Apparently, some factor(s) make this betaine fas leasic than the corresponding S-betaine.
Since suitable crystals of this betaine were rgaahtained a structural study was performed.
Various spectroscopic data and accurate crystakctsiies of several relevant reference
compounds like X(CBCOOH), [5], X(CH,CH,COOH), [6-8] and
X(CH2COOH)(CH,COO) X being S and Se, have been published [4].



2. Results and discussion

2.1. Synthesis and analysis

The Se-betaine, Se(GEBH,COOH)(CH,CH,COO), was readily obtained in pure state by
only one crystallisation from water of the precpé formed in the strongly acidic solution.
The vyield of purified product was quite high, 58%though no attempts were made to
maximise the yield. The mother liquor from the tfipsecipitation, prior to the purification;
see the instability of [S(C#&H,COOH)Y]" X in warm water [1], was not found to contain
other products than the isolated betaine. Appayettie following equilibrium, Eq. 3, (X
being S and Se), is strongly shifted to the leftXo= S and to the right for X = Se at room
temperature.

[X(CH2CH,COOH)]*CI" — X(CH,CH,COOHL(CH,CH,COO) + HCI Eq. 9

There is no evidence suggesting the Se-betainestsignificantly less soluble than the
corresponding S-betaine. No attempts were maderte the latter equilibrium to the left by
using an acid with an anion of lower proton bagif% and a solvent of lower donicity [10].

The'H NMR spectra did only show two types of £groups, at 3.0 ppm (2-GHand 3.6
ppm (3-CH) in DO and at 2.95 ppm (2-GH and 3.46 ppm (3-Chl in DMSO-g.
Apparently, the NMR technique does not distinguishween the two carboxylic groups and
the one carboxylate group in the betaine. It i:blet that the signal due to the 3-Obtotons

is some 0.5 ppm downfield from that of the 2-Cptotons. For several alkyl-substituted
seleno-propanoic acids, RSefHH,COOH [11, 12], and Se(GEH,COOH), [8] the 'H
NMR signals due to these Glgroups are most difficult to separate. The distsgparation,

~ 0.5 ppm, is probably due to a significant selémoncharacter of the Se-betaine. This
suggestion is substantiated by the downfield sbfftthe "’'Se NMR signal from 2,2"-
selenobis(propanoic acid), 198 ppm. The downfidlidt rom Se(CHCOOH)(CH,COO),
54 ppm, may be more difficult to judge siné&e NMR shifts are known to be most
dependent upon the size of the alkyl group [13].

The IR spectra of this compound are indeed mostptioated reflecting not only the two
different groups being linked to the central atom d&lso a significant amount of asymmetry.
This was also observed for the betaines derivech ffix(CH,COOH)]* [4]. One may
particularly mention the cluster of peaks due ® ¢arbonyl groups ranging from a shoulder
at 1778 crit, presumably due to a free carboxylic group, and strong peak at 1556 &m
The latter peak may be assignedvig (COO), observed at 1654 ¢hand at 1643 cihin
S(CH,COOH)(CH,COO0), and Se(CHCOOH)(CH,COO), respectively [4]. The most
intense carbonyl peaks, however, were observekii710-1740 cthregion. Since the C-O
vibrations also appeared as a complex array of pé@akthe 1150-1300 cimregion no
attempts were made to assign the various peaks.

2.2.  Comment on the molecular structure

The molecular structure of Se(@EH,COOH)(CH,CH,COO) together with the atomic
number scheme is shown kigure 1. Bond lengths and bond angles together with tarsio
angles are listed iable 1. As seen from the bond lengths, the bond anddiston angles,
as well as from the intra- and intermolecular bagdiand non-bonding interactions,



summarised inrable 2, the groups linked to the central selenium atomBAand C, are
distinctly different. The compound is also slighdgymmetric with regard to the C-Se-C
bond angles, C(1A)-Se-C(1B) and C(1A)-Se-C(1C) ¢ei99.31(6)° and 99.37(7)°,
significantly larger than the C(1B)-Se-C(1C) bompla, 97.54(7)°. All bond angles are
larger than in Se(C¥H,COOH), 96.48(8)° [8], reflecting the space demands efttiree
fairly bulky ligands linked to the selenium atomapyramidal configuration.

The compounds are intermolecularly linked throughiesal hydrogen bonds, the strongest
undoubtedly being the one listing O(2B), the hygtaxygen atom, with O(2A)’, as shown
in Figure 2. The distance between these two oxygen atoms lis 24335(16) A which,
according to current definition [14], is to be cheterised as a very strong hydrogen bond.
This type of strong intermolecular hydrogen bondween betaines has previously been
encountered in 1:1 and 2:1 complexes of pyridinibe with strong acids [15], in the
present hydrogen bonded system the compound #iseles as the strong acid. This type of
very strong hydrogen bond has also been observdtimtramolecularly hydrogen bonded
betainic form of certain derivatives of EDTA [1&y forming this strong hydrogen bond the
O(2B)-H(2B) bond length is lengthened to 0.98(2WwAile the H(2B)---O(2Aj distance is
consequently reduced to only 1.47(2) A; the intdenmalar O(2B)-H(2B)---O(2A) bond
angle being 169(2)°. As shown kigure 1 the carboxylic unit in the B group attains an
antiperiplanar conformation, the torsion angle being 174(1)°. uadly, the periplanar
conformation, usually observed in dimeric units aarboxylic acids [5], is also much
obstructed in the present ease due to the closemqre of a Ckgroup in a neighbouring
molecule.

As indicated inFigure 2 there is also one additional short intermolec@ét)- - - - O distance,
2.6431(16) A. In this hydrogen bond the O-H and-HD- bond distances are 0.85(2) and
1.82(2) A, respectively, with an O-H----O bond arafl 161(2)°. Contrary to the carboxylic
unit in the B group this unit in the C group is feetly in aperiplanar conformation. It is
apparent that the C-C(O)OH fragment in carboxykids is most flexible and that the
conformation of this fragment may be determinedthy location and the door-acceptor
properties of the neighbouring atoms. In the prestructure several oxygen atoms are
located quite close to neighbouring methylene cartoms that may indicate some O----H
interactions. Selected non-bonding distances tegetwith non-bonding angles are
summarised inTable 2 Of particular interest are the two very shortrantolecular 1,5-
Se.---O distances, Se----O(1B) and Se----O(24)2@%879(11) and 2.9385(12) A. The
C(1A)-Se----0O(1B) and C(1B)-Se:---O(2A) angles,70%9) and 162.24(5)°, are fairly close
to the ideal one for secondary bonding [17]. The - S©®(1C) distance, O(1C) being a
carboxylic oxygen atom, is far longer, 3.3943(12)akd does not indicate any interaction
with the central selenium atom. Since no other atarare found to be sufficiently close to
the central atom to suggest further intermolecurtaractions the present compound may in
principle be considered as a penta-coordinated oamp with three Se-C bonds and two
very strong Se- - - - O interactions.

The torsion angles, listed fable 1, reveal a complex picture. The co-ordinating O(2Aj
O(1B) oxygen atoms are close to bepwyiplanarto C(1A) and C(1B), the C(1A)-C(2A)-
C(3A)-O(2A) and C(1B)-C(2B)-C(3B)-O(1B) torsion dag being 24.3(2) and -11.7(2)°,
respectively. The O(2C) atom, presumably the bastliclate of the two oxygen atoms in this
carboxylic acid fragment to co-ordinate to the sele atom [5], is antiperiplanar to C(1C),
the C(1C)-C(2C)-C(3C)-O(2C) torsion angle being3.8B(13)°.

The bond lengths and bond angles in the Se-C1-C&&fnents are all in the expected
range and are in principle as observed in SeGEHCOOH), [8]. The Se-C(1C) bond, a



bond that is not involved in secondary bondingslightly shorter than Se-C(1A) and Se-
C(1B). The Se-C(1A)-C(2A) and Se-C(1B)-C(2B) bomgylas are slightly but significantly
smaller than Se-C(1C)-C(2C), presumably due to s¢hengl,5-Se----O(2A) and 1,5-
Se----O(1B) interactions. The C1-C2-C3 bond angldg three fragments are fairly similar,
~114°.

The strongly hydrogen bonded groups, the carbosydedup in A and thantiperiperiplanar
carboxylic group in B, and also the medium hydrogpemded butperiplanar carboxylic
group in C, are all planar within experimental erseeTable 1 for the C-C-O and O-C-O
bond angles. While the O-C-O bond angles are rathdtar, from 122.3° in B to 124.7° in A
and C, the C-C-O bond angles are quite differemtdaunot reflect that O(2A) and O(1B)
make strong contacts with the central selenium athparticular interest are the C=0 and
C-O bond lengths. In group C these bond lengthsaaranticipated for a carboxylic group.
1.206(2) and 1.325(2) A [18]; in A and B, howevtte C-O bond lengths to the oxygen
atoms being involved in the very strong hydrogendyd(2A) and O(2B), are significantly
changed, from ~1.25 A, as expected for a carbosytgbup [19], to 1.291(2) A for the
C(3A)-O(2A) bond length and from ~1.32 to 1.286f2for the C(3B)-O(2B) bond length.
Actually, the C-O bond lengths listed ifable 1 may allow one to consider the title
compound in its crystalline state to consist ofostly hydrogen bonded units of
Se(carboxylic acid)(carboxylateyather than Se(carboxylic aciharboxylate). With the
structural data available the complexity in thesipectrum of this compound can readily be
understood.

2.3. Concluding Remarks

The Se-betaine, Se(GEBH,COOH)(CH,CH,COO), appears to owe its extremely low
basicity to the presence of two exceptionally sgrarb-Se---- O interactions. The fairly low
solubility of this compound in water, as was algperienced for the betaines derived from
[S(CH,COOH)]" and [Se(CHCOOHY]" [5], suggests that these interactions are retaimed

agueous solutions. The weaker and more flexibleigtaf the selenium-carbon bonds may
be the cause for the formation of the 1,5-Se---n@ractions preventing salts of

[Se(CHCH,COOH)]" to be formed in strongly acidic solutions.

3. Experimental

3.1. Materials and instrumental

3-Bromopropanoic acid, Fluka, 98% puriss, and pmope(acrylic) acid, Aldrich 99%, were
used as received. Selenium, Merck, was of 99.5%ypUihe FTIR spectra, KBr and Nuijol,
were recorded with an OMNIC 410 FT-IR systetd, *C and"’Sc NMR spectra were
recorded at aH frequency of 600 MHz on a Broker DRX-600 specteben. Internal TMS
and internal MgSe were used as chemical shift references. Addilgn 2,2'-
selenobis(propanoic acid), Se(&HH,COOH), [8], and Se(CHCOOH)(CH,COO) [4] were
used as chemical shift references.

3.2. Preparation of 3,3’,3"-selenotris(propanoic acibgtaine 1, CgH140sSe
Se(CHCH,COOH)(CH,CH,COO).



To a heterogeneous mixture of 1.0 g, 4.4 mmol, BeQE,COOH), in 10 ml concentrated
HCI was slowly added 0.60 g, 8.3 mmol, S &HCOOH. The selenium compound dissolved
as the reaction proceeded due to the reaction Tkatreaction mixture was stirred for two
days at room temperature. Upon cooling to 0°C tda&aine precipitated rapidly. After one
crystallisation from water the product was anabitic pure and the crystals proved
satisfactory for an X-ray study. Yield 0.17 g, 58¥%p 160 °C.

'H NMR (D,0): 3.0 ppm (6H, t), 2-CH 3.6 ppm (6H, t), 3-Ch *H NMR (DMSO-d): 2.95
ppm (6H, t), 2-CH, 3.46 ppm (6H, t), 3-C 12.9 ppm (2H, s) (0.01 M). Séagure 3 A for
the’H NMR in D,O

13C NMR (D:;0): 176.5 ppm, 1-C, 31.5 ppm 2-C and 37.6 ppm, 33&= 53 Hz.**C NMR
(DMSO-d): 172.9 ppm, 1-C, 29.7 ppm, 2-C and 34.9 ppm, 33&;= 54 Hz. Sedigure 3
B for the’*C NMR in D,O

'Se NMR (DO): 381.6 ppm relative to 60% N®e in CDC}, 54 ppm and 198 ppm
downfield from Se(CHCOOH)(CH,COO) and Se(CHCH,COOH), respectively.

IR (KBr), cmi*: C=0: 1778 (sh), 1743 (s), 1725 (s), 1656 (s); :CLZ90 (s), and 1212-1135
(several peaks); C-Se: 633, 599. IR (Nujol);'ct8=0: 1743 (s), 1726 (s), 1714(s) and 1644
(sh); C-O: 1307 (s), and 1214-1150 (several pedksSe: 636, 600. Sdagure 3 C for the
FTIR/Nujol.

3.3. Crystal structure determination.

The X-ray data for Se(CGi€H,COOH)(CH,CH,COO) were collected on a Bruker-AXS
SMART2K CCD diffractometer equipped with an OxfdZdyostream crystal cooling system.
In excess of one full sphere of data was colleeted reduced using SMART and SAINT
[20]. Gaussian face indexing absorption correctiomtident beam correction, structure
solution, refinement and graphical illustrationsrevanade with SIHELXTL [21]. Final
fractional coordinates are given Trable 3, and further crystallographic details are listed i
Table 4. Complete data on the structural work of Se{CH,COOH)(CH,CH,COO) is
deposited with the Cambridge Crystallographic D@¢atre, Cambridge, CCDC 1&3717
The positions of the two carboxylic H-atoms werenexd, whereas all other H-atoms were
positioned geometrically. All H-atoms were assigraed equivalent isotropic displacement
factor of 1.2 that of the parent atom.

Crystallographic data

Crystallographic data (excluding structure factds) the structures reported in this paper
have been deposited with the Cambridge CrystalfdgcaData Centre as supplementary
publication no. CCDC-153717. Copies of the data banobtained free of charge on
application to CCDC, 12 Union Road, Cambridge CBZEZ1 UK [E-mail:
deposit@ccdc.cam.ac.uk].
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Table 1

Bond lengths (A) and bond angles (°) in the A, B éngroups of
Se(CHCH,COOH)(CH,CH,COO), with estimated standard uncertainties

A B C
Bond length
Se-C(1) 1.9666(15) 1.9699(14) 1.9611(14)
C(1) -C(2) 1.524(2) 1.521(2) 1.521(2)
C(2)-C(3) 1.513(2) 1.519(2) 1.512(2)
C(3)-0(1) 1.226(2) 1.238(2) 1.206(2)
C(3)-0(2) 1.291(2) 1.286(2) 1.325(2)
Bond angle
Se-C(1)-C(2) 111.60(11) 111.39(10) 113.12(10)
C(2)-C(2)-C(3) 114.77(13) 113.43(12) 114.00(12)
C(2)-C(3)-0(2) 120.89(15) 119.87(13) 124.09(14)
C(2)-C(3)-0(2) 114.40(13) 117.77(13) 111.25(12)
0O(1)-C(3)-0(2) 124.70(16) 122.35(14) 124.63(14)
C(1A)-Se-C(1B) 99.31(6)
C(1B)-Se-C(1C) 97.54(7)
C(1A)-Se-C(1C) 99.37(7)
¥ C-Se-C 296.2(2)
Torsion angle
C(1C)-Se-C(1)-C(2) 120.31(11) -140.62(10)
C(1B)-Se-C(1)-C(2) -140.38(11) 70.15(11)
C(1A)-Se-C(1)-C(2) 118.54(11) 170.94(10)
Se-C(1)-C(2)-C(3) -67.92(16) 58.97(14) 68.88(14)
C(2)-C(2)-C(3)-0(2) -156.58(16) -11.7(2) 7.8(2)
C(2)-C(2)-C(3)-0(2) 24.3(2) 169.24(13) -173.99(13)




Table 2
Selected non-bonding distances (A) and non-bonalmges (°).

Se----O(1B) 2.8979(11) < C(1A)-Se----0O(1B) 159.70(5)

Se----O(2A) 2.9385(12) < C(1B)-Se----0O(2A) 162.24(5)

Se----O(1C) 3.3943(12) < C(1A)-Se----0O(1C) 132.43(5)
< C(1B)-Se:----0O(2C) 122.28(5)

O(2B)----O(2A)  2.4435(16)
0(2C)----0(2B)  2.6431(16)

4 Symmetry operation used to generate equivalent:ator x, y, | + z
® Symmetry operation used to generate equivalent:a2o- x, 1 -y, 1 —z



Table 3

Atomic coordinates (x10) and equivalent isotropic displacement parametergA?x10?) for
Se(CHCH,COOH),(CH,CH,COO)

U(eq) is defined as one third of the trace of therthogonalized U’ tensor

X y Z U(eq)

Se 2723(2) 6360(1) 2473(2) 19(1)
C(@1A) 3264(3) 6928(1) 961(2) 26(1)
C(2A) 1119(3) 7330(1) 554(2) 31(2)
C(3A) -1306(3) 7100(1) -459(2) 26(1)
O(1A) -2902(3) 7396(1) -1295(2) 45(1)
0O(2A) -1519(2) 6581(1) -334(1) 30(2)
C(1B) 6129(3) 6298(1) 3875(2) 22(1)
C(213) 6243(3) 6441(1) 5647(2) 21(1)
C(3B) 4599(3) 6084(1) 6399(2) 21(1)
O(1B) 3046(2) 5782(1) 5512(1) 28(1)
0(28) 4864(2) 6116(1) 7956(1) 29(1)
H(2B) 6270(40) 6339(7) 8550(20) 34
Cc(10) 2788(3) 5719(1) 1107(2) 23(2)
C(20) 2819(3) 5187(1) 2029(2) 22(2)
C(30) 427(3) 5066(1) 2495(2) 22(1)
0O(10) -1448(2) 5329(1) 2038(2) 34(1)
0(20) 643(2) 4627(1) 3426(2) 34(1)

H(2C) -720(40) 4556(8) 3660(20) 40




Table 4
Crystal data and structure refinement parameterSé(CHCH,COOH)(CH,CH,COO)

Empirical Formula CoH1406Se

Formula Weight (g.md)) 297.16

Crystal System Monoclinic

Space Group P2/c

a (A) 5.5717(1)

b (A) 24.6358(4)

c (A) 8.4361(1)

B(°) 104.762(1)

Temperature (K) 223(2)

V (A3 1119.74(3)

Z 4

Wave Length (A) 0.71073

Deaic (Mg.m™) 1.763

K (mm”) 3.364

F(000) 600

Crystal Size (mm) 0.350x0.076x0.026

Crystal Colour / habit CN:gléadulreless /

0 range (°) 1.65 - 30.46

Completeness t6 (%) 100

hki ranges -717; -35/34, -
12/12

Reflections Collected 19036

Transmission Coeff. min. / max. 0.37668/ 0.91668

Independent Reflections 3396

Rint / Rs 0.0270/0.0236

Data / parameters 3396/151

Goodness of fit (S) on’F 1.023

R(I>2sigma(l) / all data) 0.0223/0.0322

WR(2sigma(l) all data) 0.0516/0.0534

Largest difference peak and hole (&/A 0.396/-0.409




Figure 1 The molecular structure of Se(@EH,COOH)(CH,CH,COO). Atomic
displacement ellipsoids are given at a probabdft$0%.



Figure 2 Representation of the hydrogen-bonding pattern in
Se(CHCH,COOH)(CH,CH,COO) involving four molecules.



A: '"H NMR in D,0

IIIIIIIII|IIII|IIIIIIIII|I-III|Ill||!l
360 350 340 330 320 3.10 3.00

5 S

|IIII|I|II|IIII||l||||l|l||l|I|II|I|||II|III|||||||Ill|
12 11 10 9 8 7 6 5 1
B: 3C NMR in D,0
W g w
1=] = =l
Int. = m oo
200 175 150 125 100 75 g0 25 Ppm
C: FTIR / Nujol

T%
60 M

636 & 600

10
4000 3500 3000 2500 1 2000 1500 1000 500
cm

Figure 3 A: '"H NMR, B: °C NMR andC: FTIR spectra of Se(Ci&H,COOH),(CH,CH,CO0)




Highlights

e Se-Betaine was synthesised and characterised by FTIR, NMR and crystallography
* The selenium atom forms two strong intramolecular 1,5-Se----O interactions
* Its low solubility suggests that the interactions retained in aqueous solutions





