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THE DFT COMPUTATIONAL INVESTIGATION OF THE B-SILA-a-AMINO ACIDS AND THEIR
B-PERMETHYLSILA-ANALOGS: SILICON-CONTAINING AMINO ACIDS AS A VIABLE FOUNDA-
TION FOR SILICON-BASED LIFE
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Abstract

The theoretical potential for the synthetic accessibility of silicon-containing a-amino acids has been addressed through density func-
tional computational investigations at the M06-2X/6-311++G** level of theory for twenty-two proteinogenic B-sila-a-amino acids and their
B-permethylsila-analogs. These B-sila-a-amino acids, which could form a basis for silicon-based life, were derived from the common
proteinogenic a-amino acids (excluding glycine, which has no B-carbon) and the three less-common a-amino acids N-formylmethionine,

pyrrolysine, and selenocysteine. Density functional computational investigations at the M06-2X/6-311++G** level of theory are reported
for twenty-two proteinogenic B-sila-o-amino acids and their B-permethylsila-analogs. These B-sila-a-amino acids were derived from the
common proteinogenic a-amino acids (excluding glycine, which has no B-carbon) and the three less-common a-amino acids N-formylme-
thionine, pyrrolysine, and selenocysteine. The f-sila-a-amino acids were calculated as if in a neutral aqueous solution using the C-PCM
method; only those B-sila-a-amino acids derived from the levo-a-amino acid stereoisomers were investigated. As expected, while both the
uncharged and zwitterionic forms of the B-sila-a-amino acids were calculated to be stable minima, the zwitterionic forms were more stable
than the uncharged forms in the simulated aqueous solutions. Some of the zwitterionic B-sila-a-amino acids exhibited intramolecular hy-
drogen bonds; these hydrogen-bonded molecules were calculated to be more stable than the non-hydrogen-bonded counterparts (except
for two hydrogen-bonded f-sila-lysines, which were less stable than the open-chain molecules). The silicon-carbon bond lengths for the
zwitterionic forms of the B-sila-a-amino acids were calculated to be within the range of the sum of the tetrahedral covalent radii of silicon

and carbon, lending credence to the potential for these molecules to be synthetically accessible.
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Introduction

The foundation of all organic life (on Earth, at least) is
dictated by the central dogma' of biology: simplistically, DNA
(deoxyribonucleic acid) replicates, portions of the DNA (the
genes) are transcribed into RNA (ribonucleic acid), and the code
within the RNA is translated into proteins using a-amino acids as
the building blocks. The first of the twenty common proteinogenic
amino acids important to biological life on Earth, although not
recognized as such at the time, was discovered? as early as 1806
with the isolation of asparagine; with the isolation® of threonine
in 1935, the last of these twenty common a-amino acids was
identified. Three additional a-amino acids, N-formylmethionine,
discovered* in 1964, selenocysteine, isolated® in 1974, and
pyrrolysine, identified® in 2002, are also often included among the
proteinogenic amino acids. More recently, the question arose as to
whether the familiar carbon-based — and a-amino acid-based —
system of life was the only option; perhaps life on other planets’
could be fundamentally different.

An obvious hypothetical variation on carbon-based life might
involve silicon, as silicon is in the same group — sometimes termed
the crystallogens®® — and directly beneath carbon in the Periodic
Table of the Elements. Unfortunately, while this proximity makes
silicon similar to carbon in some respects, and the two elements
share some chemical characteristics (while exhibiting significant
differences®!?), the prospects for silicon-based life may only be
possible in environments completely different from those found
in the solar system, perhaps even in environments'' in which
carbon-based life could not survive. However, investigations of

novel chemistries such as those based on organohalides'? may lead
to hitherto unknown bases for life, including the incorporation of
silicon" into known biological molecules.

The syntheses and properties of some sila-substituted amino
acids have recently® been reviewed. Perhaps the earliest synthe-
sis'* of a B-sila-a-amino acid is that of the highly-protected B-sila-
alanine derivative, ethyl [2-(N-t-butoxycarbonyl-N-benzylamino)-
2-trimethylsilyl]acetate, in which a butoxycarbonyl group and a
benzyl group protected the a-amino nitrogen, while the o-acid
group was converted to the ethyl ester. This amino acid is the pro-
tected version of B-trimethylsila-alanine (Ala-SiM*-u in Table 1),
but could not be isolated and was identified in a two-component
mixture through an overlapping NMR spectrum. [Note that, in
some articles, the B-sila-a-amino acids are often referred to as
a-silyl-o-amino acids as if the silicon-containing moiety was a
substituent at the a-carbon atom of the amino acid rather than as
an amino acid containing a silicon atom in place of the p-carbon
atom of the amino acid.]

Interestingly, the analogs of glycine, alanine, and valine in
which all carbon atoms have been replaced by silicon atoms'
have been computationally investigated at the ab initio QCSID/
aug-cc-pVTZ and MP2/aug-cc-pVTZ levels of theory. These “per-
sila” o-amino acids were determined to be stable as uncharged,
non-zwitterionic molecules in the gas phase. A more recent
report'® details the use of the semiempirical PM3/PM7 method to
investigate the conformations of the twenty common, uncharged,
non-zwitterionic o-amino acids in which, again, all carbon
atoms have been replaced by silicon atoms. While the calculated



Table 1. Selected electronic and structural properties of the B-sila-a-amino acids and their permethylsila-analogs bearing neutral
side-chains

molecule® electronic  dipole molecular orbital energies  selected bond distances®
energy moment  (eV) (pm)
(au) (p) HOMO Lumo difference® C-0 C-O" C-N C~C C%Si X-Y

AlaSi-u -575.005002 372  -873 000 873 1206 1343 1461 149.7 1914
AlaSiz 575097787 1391  -891 -0.08 883 1246 1497 1549 190.8
Ala-siVeu  -693058509 261  -853 -0.10 843 1214 1338 1463 1493 1936 187.4%C
Ala-SiYez  -693.063251 1427 867 -013 854 1250 1499 1540 1930 187.3%%
Asn-Si-u  -743.802605 681 824 -0.02 822 1211 1334 1466 1500 1918 192.6%C1232%0134.49N
Asn-Siz-N  -743.808295 1248  -8.78 -0.09 8.9 124.6 1495 1549 1900 1923%C1123.20+0134.3%N
AsnSi-zH 743811746 1365  -8.84 -0.06 8.78 1246 1495 1548 1907 193.09¢1335N
{HaNH--0C} 124,290 186.5510"HNH2
AsnSizH 743811112 1143 -869 -0.11 858 1243 1497 1547 1911 193.15C1133,9%W
{0CO-HNH} 1251604 123,360 191,20€0"HNH
AsnSiMeu 822449814 7.77  -806 -0.12  7.94 1212 1337 1469 1495 192.7 193.15°186.75Me
123,560 134,69
Asn-SiMe-z-N -822.454561 1294  -857 ~0.17  8.40 1248 149.8 1545 1915 192.8%Ct186.85Me
123460 134,564
Asn-SiMe-z-H -822.459195 1306  -861 -0.07 854 124.8 1497 1547 1918 193.6%C1186.3%Me133,9%N
{HaNH--0C} 124300185, 6010 HNk2
Asn-SiVez-H 822457763 1203  -849 -017 832 1245 1500 1544 1923 193.5%C1186.65Me 134,104
{0CO-HNH} 125.260-# 123.76+0188,500H\H
GInSiu  -783.124321 407  -870 022 892 1212 1335 1463 1499 1916 189.25V150.50C
134.8%N 123,090
GInSi-zH  -783.135647 897 886 024 910 1248 1493 1547 1911 189.25 1506133 85N
{HaNH--0C} 123.9%°0 191,7690-HNH2
GInSi-zH  -783.131330 1417 903 017 9.20 1246 149.8 1546 1914 189.3%Cr 150,99 134,765V
{0CO-HNH} 125,004 123,040 193,00C0 K
GlnsiMeu  -861.770284 390 856 0.08 8.64 1213 1337 1464 1495 1927 190.1¢ 186.95Ve 150.14%
134.9%1123,1%0
Gln-siMe-2-N -861.774710 1017 874 0.02 876 1248 150.1 1547 191.8 189.75°C+187.15Me 150,16+
135,164 123,10
Gln-siMe-2-H -861.779900 974 872 006 878 1249 149.6 1545 192.0 190.15°C+187.15Me 1503
{HaNH--0C} 124.0%° 1340 192, 26602
Gln-siMe-z-H -861.777820 1516  -8.83 0.03 886 1246 149.8 1539 192.8 19035+ 187.05Me 150,50
{0CO-HNH} 125.3¢0H 134,991 123,190 197 80N

Gly-Si — excluded; no B-carbon

lle-Si-u -693.036231 296  -8.55 -0.05 850 1213 1337 1463 149.4 192.8 187.4°Ve 187,85
lle-Si-z -693.040771 1443  -878 -0.10 868 1249 1500 1545 192.3 187.65Me 187.75°C
lle-SiVe-u  -732.358053  2.56  -849 -007 8.42 1214 1339 1463 1493 193.5 187.55Me 188 05°Cr
lleSiYe-z  -732.362670 14.19  -8.65 -0.09 856 1250 1500 1541 193.1 187.45Me188,25C
Leu-Si-u -693.017162 207  -853 -0.02 851 1213 1335 1462 149.8 1926 188.3°%Y
Leu-Si-z -693.022749 1337  -885 -0.05 8.80 1248 1500 1546 191.8 188.05¢
Leu-SiMe-u  -771.660957 2.51  -838 -0.07 831 1214 1338 1463 1494 [194.1] 189,05 187.65Me
LeuSiVe-z  -771.666228 13.82  -8.70 -0.09 861 1250 1503 1545 192.8 188.7°:CY187.6°Me
Met-Si-u  -1051.900531 3.18  -7.73 -003 7.70 1212 1335 1463 1499 191.8 188.45CV181.50181.45Me
Met-Si-z  -1051.904546 1212 -7.72 -005 7.67 1247 1497 154.8 190.8 187.9°C181.7%% 181551
Met-SiVe-u -1130.546082 2.47  -7.65 -0.08 757 1213 1338 1463 1496 193.0 187.15Cv187,05Me
Met-SiVe-z -1130.550214 12.28  -7.64 -0.12 752 124.8 150.2 1546 191.8 188,65/ 187.25Me
181.8%+5 181.45Me
Phe-Si-u -806.120900 3.57  -849 -021 828 121.2 1335 1461 149.8 192.3 187.15%
Phe-Si-z -806.125536 15.27  -8.55 -0.23 832 1248 1496 1544 191.8 18705
Phe-Si¥-u -884.766586 2.62  -836 -0.11 825 1213 1338 1462 1495 193.7 188.2°"h187.05Me
Phe-SiYe-z -884.771850 1429  -845 -0.13 832 1249 149.8 1542 192.8 188.5°%1186.85Me
Pro-Si-u -652.506504 415  -8.06 001 8.7 1208 1344 1466 149.6 [194.5] 188.25C 147.3%C5 154,50+C
Pro-Si-z -652.513887 14.99  -8.85 -0.06 879 1248 150.5 1545 191.8 18875 150.8%< 152,65
Pro-SiYe-u -731.150181 508  -7.87 -0.07 7.80 1209 1347 146.9 149.0 [195.4] 188.6° 187.25*Ve
147.5%6 154,20+
Pro-Si-z  -731.159140 14.65 872 -0.06 8.66 1250 150.5 153.8 193.0 189.5%C186.65Ve
150.8%¢6 152,544
Ser-Si-u -650.375767 180  -822 008 814 1211 1337 147.0 149.7 1915 166.25°
Ser-Si-z -650.382793 13.68  -8.93 -0.13 8.80 1248 1495 1541 1902 166.5°°
SeroMegi-u  -689.657394 417 831 -001 830 121.1 1335 1469 150.0 190.6 165.9° 142,504
SeroMeSiz  -680.664572 13.84  -8.94 -0.08 8.86 1247 1495 1541 190.1 166.4°0142.70Me
Ser-SiVe-u  -729.023917 426  -8.02 -0.14 7.88 1213 1339 1472 149.1 192.9 167.250186.15Ve
SerSiMez  -720.031380 1327  -880 -0.15 865 1248 149.6 1540 1913 167.750 187.0°Ve

SeroVe.sive.y -768.305210 465 809 -0.08 801 1212 1338 1472 1492 1918 167.05°142.30Me 186,65V
SeroVe.sive.; -768.313488 1351 880 -0.10 870 1249 1496 153.9 1913 167.650142.4°Me 186,15V

Thr-Si-u -689.699285  4.36 -819 -001 818 1211 133.8 1472 1494 1913 166.750 185.8°Ve

Thr-Si-z -689.707365 13.63 -886 -0.08 878 124.8 1495 154.1 1909 167.150 185.3%Me
ThroVesiu - -728.981075  4.16 -820 002 822 1211 1337 147.1 1495 1913 166.450 142.4%Ve 185 g5iMe
ThroVe.Siz  -728.989368 1391  -8.87 -0.04 883 1248 149.5 154.1 1905 166.9%0 142.50Me 185 45iMe
Thr-SiYe-u = Ser-SiVe-u; Thr-SiVe-z = Ser-SiMe-z; ThroVe-§jMe.y = SerOVe-gjMe.y; ThroOVe.gjMe.z = SerOVe.gjMe.;

Trp-Si-u -937.693379 580  -7.28 -0.07 721 1213 1336 146.0 149.6 192.3 184.45"
Trp-Si-z -937.698400 17.79  -7.36 012 7.24 1248 149.6 1540 192.4 184.5°"
Trp-SiYe-u -1016.338213 525  -7.20 -0.10  7.10 1214 1338 1461 1494 1937 185.6°M187.35Me
TrpSiVez -1016.343616 1686  -7.29 -0.12 7.17 1250 149.7 153.8 1935 185.7187.15Me

Val-Si-u -653.736288 344  -8.05 -0.01 9.06 1212 1340 1472 149.2 1933 187.25¢

Val-Si-z -653.741748 1332 877 -0.02 879 1249 1499 1534 1923 186.8°%

Val-SiVe-u = Ala-Si¥e-u; Val-SiVe-z = Ala-SiVe-z
The three-letter symbols for the a-amino acids, plus the suffix “-Si", identify the B-sila-a-amino acid, the “-Si*" denotes a fully-methylated silicon
atom, and “-u” and “-z” indicate, for the amino acid portion of the molecule, whether the a-amino and a-acid groups are uncharged or zwitterionic, re-
spectively. For those onic molecules in which an i hydrogen-bond was observed, the “-H" indicates the molecule with, and the
“N" without, such a bond; the hydrogen bond connectivity is given in curly brackets when hydrogen bonding was calculated to be present. For the
B-sil ines and the B-sil ines, the ipt “OMe" indicates that the molecule has been methylated at the ~OH group on the side-chain.
® Mean values, where appropriate. Superscripts denote the X-Y atoms in the specific bond; “Me” indicates the methyl group, “Ph” indicates the
phenyl group, and “In” indicates the indole group. Bond distances in square brackets indicate distances approaching (arbitrarily defined as >194.0
pm) or exceeding 194.9 pm, the sum of the tetrahedral covalent radii for carbon and silicon.
°E_ -E
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stabilities of these per-sila-a-amino acids are intriguing, the results
ignore the difficulties in the syntheses'’?' of per-sila-benzene
and similar per-sila-aromatic molecules. Such synthetic barriers,
for example, diminish the possibilities regarding the potential
syntheses of per-sila-phenylalanine or per-sila-tyrosine, given the
aromatic moieties present in these molecules.

Computationally, the properties of a-sila-glycine, o-sila-
alanine, and B-sila-alanine (Ala-Si-u in Table 1), as gas-phase
molecules calculated at the B3LYP/6-311G** level of theory,
have been reported. These sila-amino acids were investigated as
part of a study? of intermolecular hydrogen bonding® in amino
acids, and involved only the uncharged molecules rather than the
zwitterionic systems; the parent a-amino acids are well-known
to exist in aqueous solutions as the zwitterions rather than as the
uncharged molecules.

In order to address the synthetic accessibility of silicon-
containing o-amino acids and, thus, the potential for such sila-

a-amino acids to provide a basis for silicon-based life, herein is
reported a comprehensive computational investigation of the
proteinogenic f-sila-a-amino acids (apart from glycine, which
has no B-carbon, but including the B-sila-analogs of three less-
common, proteinogenic, o-amino acids N-formylmethionine,
pyrrolysine, and selenocysteine), in which a fB-silicon atom is
present in place of the B-carbon atom. The density functional
MO06-2X/6-311++G** level of theory was employed with the
C-PCM (conductor-like polarizable continuum model) to simulate
an aqueous environment for these B-sila-a-amino acids.

Computational methods

The Spartan ’18 computational package*® was used to
perform all calculations, and the hybrid density functional method
MO06-2X/6-311++G** was applied to all molecules. This method
reportedly performs well for the investigation®* of zwitterionic
molecules® and isolated biomolecules in general. In addition,
the method is recommended®® for main-group kinetics and
thermochemistry. (No attempts were made to determine whether
this method was optimal for the investigation of the B-sila-a-amino
acids herein, as such an investigation was beyond the scope of
this investigation.) All molecules were calculated as derived from
the levo-forms of the a-amino acids with silicon atoms replacing
the B-carbon atoms. An aqueous, neutral pH solution with a
dielectric constant set to 78.30 using the C-PCM (conductor-like
polarizable continuum model*”) method was employed to simulate
an aqueous environment for the molecules. This method has been
shown?” to accurately calculate the structures and properties of
a-amino acids in such a simulated aqueous solution. Vibrational
spectra were calculated for each molecule in order to confirm
that a stationary point had been located and that no imaginary
frequencies existed. Multiple initial trial geometries (ITGs) were
employed for each molecule. Variations in bond lengths and angles
in the ITGs determined the starting points for each calculation to
better ascertain whether an energy minimum for the molecule had
been identified.

For the B-sila-a-amino acids derived from those proteinogenic
a-amino acids bearing a neutral side-chain, the B-sila-a-amino
acids were calculated as both the uncharged (“-u”) molecules [R—
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CH(COOH)(NH,)] (expected to be the stable structures in the gas
phase) and as the zwitterionic (“-z”’) molecules [R-CH(COO")
(NH,")] (expected to be the structures that exist in aqueous
solution). (The methoxy-analogs of f-sila-serine and P-sila-
threonine were also investigated.) However, in the cases in which
the B-sila-o-amino acids were derived from the o-amino acids
bearing potentially-anionic or potentially-cationic side-chains, the
molecules were investigated as uncharged and zwitterionic systems
both with and without a negative or positive charge, respectively,
on the side-chain through the removal or addition of a hydrogen
ion. Further, these molecules were calculated as the neutral
“charge isomers” bearing a negative or positive charge on the side-
chain and no charge on either the a-carboxylic acid group or the
a-amino group, respectively. Histidine (commonly represented as
His) represents a special case, as the imidazole side-chain could
be protonated at both nitrogen atoms with a positive charge (Hip)
or could bear only one N-H bond with a neutral side-chain. In
the latter case, the nitrogen atom in the §-position (Hid) or in the
g-position (Hie) could bear the hydrogen atom while the side-
chain remains neutral. All of these molecules were investigated
for the B-sila-histidines.

Results and Discussion

Selected properties and structural data for the B-sila-a-amino

ino acids and their di

Table 2. Selected electronic and structural properties of the B-sil logs bearing anionic or

potentially-anionic side-chains

molecule’  electronic  dipole  molecular orbital energies  selected bond distances”
energy moment (eV) (pm)
(au) (o) Homo Lumo difference’ C-O0 C-0" C-N C-C* Si-C° X-Y
Asp-Si-u -763.672966 347  -8.76 -0.02 874 121.0 133.1 1464 150.6 190.1 193.2°°%120.8%°133.9% "
Asp-Si-z-N  -763.677197 13.43 901 -0.12 8.89 124.6 149.3 155.0 189.8 192.3%%120.8%°133.8% "
Asp-SizH  -763.678706 12.92  -8.97 -0.09 8.88 1246 149.4 154.8 190.5 193.5"%121.5%°1335%
{H,NH--0CO"} 196,20
Asp®-si -763.667039 24.29  -7.82 -020 7.62 1204 133.1 149.5 150.2 193.8 193.4%%125.0%°
Asp-Si-u  -763.217708 — -7.57 008 7.65 121.2 133.7 1458 1505 192.1 193.5%125.4%°
Asp™-Si-z-N  -763.219149 — -7.62 002 764 124.8 149.8 154.3 191.6 193.3%%1252%°
Asp“-Siz-H  -763.227623 — 780 008 7.88 1249 1495 154.0 192.0 193.8%%124.4%°1335%4%"
{H,NH---0CO} 126.8%0 1 168,30 N
Asp-si-u  -842.319384 438  -8.63 -0.07 856 1212 1334 1465 150.2 191.1 193.7°°% 186.4°M®
121.0° 134,49
Asp-SiV°-z-N -842.324559 14.21  -8.87 -0.19 8.68 1247 149.8 154.8 190.8 192.7°186.4°™°
121,199 134191
Asp-Si-z-H -842.326830 1224  -8.81 -0.08 873 1248 149.6 154.6 191.6 194.0°% 186.0°¢121.7%°
{H,NH---0CO"} 133,50 193 700N
Asp-siM®  -842.312687 2472  -7.60 -023 7.37 120.5 133.4 149.7 149.7 [195.6] 193.05°* 187.0°° 125.4%°
Asp™-siV-u  -841.859229 — 2735 001 734 1212 1342 1462 149.8 193.0 193.2°%187.6%™¢ 12575
Asp™-si'®-z-N -841.862626 — -7.40 007 737 125.0 149.9 154.0 192.7 193.0°% 187.6™ 125.7°
Asp™-5iV°-z-H -841.872001 — 760 005 765 125.1 149.6 1537 192.6 193.9°187.2%Me 124,70
{H,NH---0CO} 127.3%0H 164 60N
Glu-Si-u -802.993740 4.04 872 -0.05 8.67 1211 1333 1463 150.1 1914 189.6"149.0%
120.9°134.2°"
Glu-SizN  -802.998650 13.97  -8.94 -0.15 8.79 124.6 149.6 155.0 190.3 190.4° 149,07
120901342
Glu-SizH  -803.003981 12.90  -8.88 -0.04 8.84 124.7 149.3 1547 190.9 189.3" 149.3%°132,9°%"
{HaNH--0C0"} 12179919110
Glu™-si -802.986762 2513 837 -0.12 825 1206 133.0 1493 149.6 [196.2] 186.5° % 154.0 1254°°
Glu™-Siu  -802.532513 — 826 007 819 1207 1343 1462 149.5 192.2 187.6"%153.5% 1256
Glu™-Si-z-N  -802.535105 — 826 -002 824 124.8 1499 1547 1921 187.8%%153.7%% 12540
Glu™-Siz-H  -802.548530 — 846 004 850 1249 1493 1544 1914 188.8%%152.7%%124.1°°
{H,NH-0CO} 127.659 155,10
Glusi'-u  -881.640650 3.19  -859 -0.11 8.48 1213 1336 1464 149.6 192.5 190.9%%148.6%186.6"™
1211901343
Glu-si"*-zN -881.645132 13.14  -8.80 -0.15 8.5 124.8 1500 154.8 1913 191.5%148.6%186.5°™
121.19°134.45%
Glu-si"*-zH -881.649206 14.02  -874 -0.12 862 124.8 1497 154.4 192.0 190.5"%148.7%186.8°M
{H,NH--0CO"} 121.999133.2¢% 193 0N
Glu'si'  -881.632257 25.80  -833 -0.19 8.14 1206 133.0 149.3 149.7 [195.8] 187.5"% 153,54
187.0°M¢ 125.5°°
Glu™-si"*-.u  -881.177088 — 817 -002 815 1209 1345 1463 149.2 1939 188.3%%153.0%
187.5°"¢ 125.8°°
Glu™-si"*-2-N -881.180199 — 817 -003 814 125.0 150.1 1545 193.0 189.0" 153.4%
187.0°™¢ 125.6°°
Glu™-si"*-2-H -881.192912 — 832 001 833 125.0 149.6 1541 192.7 189.5%< 152.3%°187.0"
{H2NH--0CO} 124.39°127.6°"155.4°*

2 The three-letter symbols for the a-amino acids, plus the suffix “-Si”, identify the B-sila-a-amino acid, the “-Si"" denotes a fully-methylated silicon
atom, and “-u” and “-z" indicate, for the amino acid portion of the molecule, whether the a-amino and a-acid groups are uncharged or zwitterionic,
respectively. When the side-chain bears a negative charge, a superscripted “R-" indicates this charge; the “R-" without either the “-u” or “-z" suffixes
indicates that the molecule is a “charge-isomer” which bears a positive charge on the a-ammonium group, no charge on the a-carboxylic acid group,
and a negative charge on the side-chain. When an intramolecular hydrogen bond can exist, the “-H" designates the hydrogen-bonded molecule and
the “-N” designates the molecule without a hydrogen bond; the hydrogen bond connectivity is given in curly brackets.

¢ Dipole moments are undefined for a species bearing an overall negative charge

© Mean values, where appropriate. Superscripts denote the X-Y atoms in the specific bond; “Me” indicates a methyl group. Bond distances in
square brackets indicate Si-C distances approaching (arbitrarily defined as >194.0 pm) or exceeding 194.9 pm, the sum of the tetrahedral covalent
radii for carbon and silicon
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acids are listed in the tables: Table 1 details the B-sila-a-amino
acids bearing neutral side-chains; Table 2, the B-sila-a-amino acids
with potentially anionic or anionic side-chains; Table 3, the B-sila-
histidines; Table 4, the B-sila-arginines; Table 5, the f-sila-a-amino
acids with potentially cationic or cationic side-chains (excluding
the B-sila-histidines and the B-sila-arginines); Table 6, the B-sila-N-
formylmethionines and the B-sila-selenocysteines; and Table 7, the
B-sila-pyrrolysines. The molecules in which the hydrogen atoms
attached to silicon were fully replaced by methyl groups were also
investigated to produce a broader picture of the types of B-sila-a-

Table 3. Selected electronic and structural properties of the B-sila- and B-dimethylsila-histidines

molecule’ electronic  dipole  molecular orbital energies selected bond distances®
energy moment  (eV) (om)
(au) (o) HoMo Lwmo difference’ -0 C=0" C-N  CC* Si-C* X-°

Hid-Siu 800124270 504 -803 -0.07 79 1212 1334 1463 149.8 1918 1856138370 1349"C
1318%M 1372 137 9%

HidSizN  -800.128359 1132 -812 -0.12 800 1247 1495 1547 1912 186.2%%138.37" 1348
131.8&4\15137.1NEC6138.0C5CV

HidSizH  -800.133582 1296  -7.98 -0.09 789 1244 1496 1548 1911 1853%%137.9*0 1347

{0C0--HN?} 125.10* 130.1%% 1372+ 138 0%
1952°*

Hid-Si"u 878770665 438 791 -0.00 781 1213 1337 1464 1494 1932 18671868
138,418 135,0%0¢
1317137 4% 137, 9%V

Hid-Si"2N 878776410 1201 -804 002 792 1248 1497 1543 1925 187.0%186.4°™
138,46 135,0¥ ¢
1317137 4% 133 0%V

Hid-Si"2H 878779525 1371 786 -0.15 773 1246 1500 1546 192.1 186.4°%187.0%" 137,97

{0CO--HN°} 12510 13471321 137,34
138.0%¢191.3°*

HieSiu 800123772 775 -811 -0.00 809 1212 1336 146.1 149.8 1921 1854°¢1393%" 131"
135.7" 136, 7% 137, 5%

HieSizN 800129052 1840 -8.16 -0.09 807 1248 1496 1545 1917 1856139371311
135.7" 136,64 137,6%

HieSizH  -800.132553 1924 -8.18 005 813 148 1497 1544 1915 1863139571310

{HNH-N?) 135.3%%136,8"0 137.3%
190.1

HieSi™y  -878769258 735 799 -008 791 1213 1338 1462 1493 193.1 18641868
13947131 30 135 ¢
136.9%%1375%¢

Hie-Si"-N -878771665 1384 -7.94 013 781 1249 1498 1543 1929 18631873
13947413 2

135,6%"136.9" 0 137,55
HieSi"2H 878778498 1859 806 -007 799 1250 1499 1541 1924 187.15187.0°*139 67"

{HaNH-N) 131,304 135,35 137,
1373%%1899'%*
Hip™Siu  -800573637 — 843 010 833 1203 1344 1461 150.0 1917 188.5%%139.17"*132.4"
132.8%%137.4" 136,64
Hip™-Si-2-N  -800578555 — 894 029 865 1246 1494 1550 190.1 188.4%/139,0%"¢ 13740
132.8%%137,5" 136,64
Hip™-Si-zH -800.585690 — 913 018 895 139 1494 1548 1908 187.3%%138.5 1321
{0C0--HN®} 125,5¢0* 133,207 137.4"% 136.6°
102.9%*181.2°*
Hip™sSi  -800.117458 2979 819 004 815 1252 1468 1544 1884 189.9%%138.9*1326%
132713760 136,
Hip™si"u 879221578 — 869 019 850 1212 1336 1462 1499 1922 188.8"%186.2°"
139,194 13 5"
132.8%%137,6" 136,64
Hip™-5i"2-N -879.226324 — 884 023 861 1252 1498 1550 1912 189.3"1858"
13919413 5
132.8%%137,6"% 136,
Hip™-5i"-2-H -879.233669 — 898 023 875 1240 1498 1543 1922 1883186451386
{000--HNY} 125.70# 132.1"0¢ 133 2% 137 54
136.7%% 1038 172.4°*
Hip™.si"  -878762608 2975 798 010 788 1254 1470 1541 1895 190.1°186.8%"

139.10{'7‘15 132VGN5—(£
132.7%137.8"® 1365

2 The three-letter symbols, plus the suffix “-Si”, identify the B-sila-histidines with a neutral side-chain and a hydrogen
atom at N® (Hid-Si) or N (Hie-Si), or with a cationic side-chain with hydrogen atoms at both N° and N* (Hip®*-Si); the
“Si"” denotes the dimethylsila-group; the “-u” and “z" indicate whether the a-amino and a-acid groups are uncharged
or zwitterionic, respectively. Without “-u” or “-z”, the molecule is a “charge-isomer” with no charge on the a-amino group,
a negative charge on the a-carboxylate group, and a positive charge on the side-chain. The “N”" and “H” indicate,
respectively, a B-sila-histidine without and with an intramolecular hydrogen bond; the hydrogen bond connectivity is given
in curly brackets.

® Mean values, where appropriate. Superscripts denote the X-Y atoms in the specific bond; “Me” indicates a methyl group.
; Dipole moments are undefined for a species bearing an overall positive charge.
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amino acids that might exist; the addition of methyl groups has
been reported® to increase the stability of these molecules. No
methylation was investigated at the a-amino or a-carboxylic acid

Table 4. Selected electronic and structural properties of the B-sila- and p-dimethylsila-arginines

molecule® electronic  dipole  molecular orbital energies selected bond distances”
energy moment  (eV) (pm)
(au) (o) Homo wwo difference’ C-0 C-0" C-N (-C* SiC" XY
ArgSiu 857887110 651  -805 -006 799 1212 1335 1463 1498 192.0 188.0%%152.67 14574
137.4"% 129,15
138.7C(-NHZ
ArgSiN - -857.890770 1427 796 -0.10 786 1247 1499 1549 191.1 187.9"%1532% %P 1465%%
1382%%129,0%"
138.06(—NH2
ArgSizH 857896338 1384  -8.38 -0.08 830 1244 1496 1538 1916 188.5%%152.9% 1487
{0CO--HNH} 1254 1410%%128 3%
137.6%"2199.2°#
ArgSizH 857893577 17.89 782 011 771 1249 1499 1545 1916 188.2%%154.1% 1459
{0C0-HN) 12487 137.5"% 129,35
13795291007 #
ArgSizH 857893911 1205 797 000 787 1246 1498 1544 1915 188.1%%153,6% 146.2%

137.5"%129.5%W 137,872
221°"2305"™

149.4 1545 1922 188.5%%1533% 1454
135.4%%130,3%M
13822 181.4""

{0C0--HNC+ HyNH--N(H)C} 1254

ArgSizH 857901240 838 824 -005 819 1247
{HaNH--N(H)C}

Arg-Si-z-H{H;NH-NH,}; Arg-Si-z-H{H,NH--N} [unable to be optimized]

ArgSi -857.899660 3029 799 -0.08 791 1254 1471 1541 1893 188.9"152.1% %P 1467%%
1328%%1334%"
Arg'Siu -858.358377 — 875 -015 860 1212 1335 1463 149.9 191.7 1883515229 146.6%"
132.9"% 133,42
Arg™Siz-N  -858.364059 — 890 -017 873 12438 149.7 1544 1915 188.4%153.1%% 146,55
133,00 133,292
Arg™Siz-H  -858.371404 — 907 -012 895 1243 1499 1542 1919 187.55%1530%%146.1%%
{0CO-HNH} 125360 133.0%%180.8%*
133.861—NHZ 1329 CN(H)H-0
Arg™Siz-H  -858.365311 — 904 -025 879 1238 1499 1544 192.4 188.5%1539%%146,0%"
{0CO--HN'} 126.0°°" 132.9"%%184.3%*
133‘5(1'NH2
Arg™Si-z-H{H,NH-NH,}; Arg™-Si-z-H{H,NH-~N} [unable to be optimized]
Argsi'u  -936.531513 571 802 012 7.90 1213 1338 1464 149.4 1928 188.6%% 187.4M¢ 152,5%%
145‘8CE—NE laslgNs—El
129.1‘:”‘“ laslSEL—MHZ
Arg-Si"ez-N 936534735 1516  -7.93 -0.13 7.80 1248 150.1 1545 1924 188.4°%187.45V¢153 1%
146,71 138,
129.0%"" 138 22
Argsi'-H -936.540552 1474 832 0.12 820 1245 1498 153.4 192.8 189.1°%187.4%V 150,97
{0CO--HNH} 1256501 148.8%"140.8"%196.9° "
128‘4CPNH 137.GQ'NHZ
ArgSi'-2-H -936.537255 1869  -7.69 -0.14 7.5 125.1 1501 1543 192.9 188.9°%187.4V¢ 153,97
{0CO--HN%} 125670 145.6%" 136.7"%206.5° "
129,57 138 4%
Argsi'zH -936.536712 1286 793 0.2 7.81 1244 150.2 154.1 192.9 188.6™ 187.4%V¢ 1536
{0CO-HNC* + HyNH--N(H)CY} 12560 146451 137,74 222 9%

129.4%"137. 82 9407 #
149.8 1543 1930 1889 187.8% 1532%%

145,6%™ 135,54 188,0 *

120,37 13,39

ArgSi™zH 936542782 943 816 -0.10 806 1250
{HaNH--N(H)C}

Arg-SiMe-2-H{HNH--NH,}; Arg-Si""*-z-H{H,NH--N}
Arg™-si

[unable to be optimized]

-936.540642 3212 -7.80 0.3 7.67 1256 147.5 1535 1901 190.2° 188,20 152, 6%
146.7c5—Nz 132.3!&—((
133.6CL—NHZ

1213 1338 1464 1495 1930 18905 187.25Ve 150,008

146,754 132,14
133'4C(-NHZ

150.0 1546 1926 189.45°t 186.85Ve 1521+

146,654 132,94
133.4(L—NHZ
150.0 1538 1931 188.15°C+187.25e 150,98
146,34 133,16 179,604
134.1C(—NHZ 132.8CLNHH- 0

150.2 154.1 1934 189.4511869°e 153,70+
146,154 13,841 182 04
133.6C(—NHZ

ArgtSiteu 937003015 -860 019 841

Argh-Sive-z-N -937.007939 — 878 0.3 855 1248

ArghSivezH 937.017232 —
{0CO--HNH}

8% 018 878 147
125360

Arg™-5ie-z-H -937.010287
{0CO-HN?}

891 023 868 1238
1263604

Arg™-SiVe-z-H{H,NH--NH,}; Arg-SiVe-z-H{HNH--N(H)C} [unable to be optimized]

@ The three-letter symbol for arginine, plus the suffix “-Si", identifies the parent B-sila-arginine, the “-Si¢" denotes
a dimethylsila-group, and “-u” and “-z" indicate whether the a-amino and a-acid groups are uncharged or zwitterionic,
respectively. When the side-chain bears a positive charge, a superscripted “R+” indicates this charge; without either
“u" or “-z" the molecule is a “charge-isomer” which bears no charge on the a-amino group, a negative charge on the
a-carboxylic acid group, and a positive charge on the side-chain. For the molecules which may exhibit an intramolecular
hydrogen-bond, an “-N” indicates the molecule without, and an “-H” with, such a bond; the connectivity of the hydrogen
bond is noted in curly brackets

® Mean values, where appropriate. Superscripts denote the X-Y atoms in the bond; “Me” indicates a methyl group.

2 Dipole moments are undefined for a species bearing an overall positive charge.
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Table 5. Selected electronic and structural properties of the B-sila-o-amino acids and their dimethylsila-analogs bearing cationic or
potentially-cationic side-chains, excluding the p-sila-histidines and the B-sila-arginil

molecule’ electronic dipole molecular orbital energies selected bond distances”

energy moment  (eV) (pm)

(au) (o) Homo Lumo difference’ C-O0 C-0" C-N  C-C* Si-C* X-Y°
Cys-Si-u -973.320650  5.12 -841 -002 839 1206 1339 1463 149.9 1917 216.0™°
Cys-Si-z -973.324703 12.40 -8.68 -0.14 854 1246 149.1 1545 1912 216.2°°

Cys™-si; Cys"'-Si-u; Cys™-Si-z [unable to be optimized]
Cys-SiV-u  -1052.968670 6.48  -824 -0.10 8.14 1208 134.1 146.6 149.5 192.8 217.8"° 186.6"™°
Cys-Si"°z  -1052.973451 1137  -855 012 843 1248 1493 1545 192.1 218.2%° 186.0°™
Cys™-siv; cys™siMeu; Cys™-sive-z [unable to be optimized]

Lys-Si-u -748.368886 397  -847 -0.01 846 1212 1336 1463 149.7 1922 187.5%%
1514(2\/{5 152‘4C5—Cs 146,8& N
lys-Siz-N 748373758 1456 -850 -0.05 845 124.8 149.8 154.5 1917 187.3°%
153.4%° 152.4% 1468
748371393 14.60  -824 -0.02 822 1250 149.9 1545 192.7 187.3%210.8°"
124,601 154,7%® 153.1°% 1467
lysSi-z-H  -748.382658 1525  -8.70 -0.04 8.66 1249 149.0 1545 191.3 188.8%170.5""
{HaNH-NY} 153,97 152,6° 1477
Lys™-si 748371301 3155  -7.95 -0.07 7.88 1254 147.2 1540 189.5 188.4°%
15320 151,9%€ 149,9%N
Lys“-siu  -748.830763 — 869 -0.12 857 1212 1336 1463 149.8 1918 187.8%
153.3%F 151,9% 149,9%N
Lys“-Si-z-N  -748.835546 — 888 -0.14 874 124.8 149.7 154.6 1913 187.6"%
15339 152,0%¢ 1498
Lys“-Si-zH  -748.839805 — 924 016 9.08 1243 149.7 1539 1918 188.4°181.9°"
{0CO--HNY} 125,65 153.9% 1531 1495
lysSi'-u  -827.012182 3.64  -833 -0.08 825 1214 1339 1464 1493 193.4 188.0%187.4™
1534 152.4% 146 9
lys-Si"*z-N -827.017546 14.85  -847 -0.10 837 125.0 150.0 1542 1925 188.0°<187.5"
153591527 146, 9
LysSiY*-z-H -827.015304 15.15  -8.19 -0.11  8.08 125.1 150.0 154.1 193.8 188.0°187.6°™¢209.8°"
{0CO--HNY} 124.8°°" 154.7%°153.1% 146.8™
lys-Si*®-z-H -827.023681 15.63  -855 -0.09 8.46 125.0 149.4 1541 192.5 189.6°%187.7°V*171.3"*
{HaNH-NY 15381527 147, 5
Lys“si"  -827.012425 3185  -7.80 -0.12 7.68 1256 147.4 1535 190.7 188.9°188.1°"
1532 151.9%“150,0 "
Lys“-si"-u  -827.475236 — 855 -0.18 837 1213 133.8 1464 149.4 193.0 188.7"%187.2°™
153.3%° 151.9% 149, 9™
Lys"-si"*-z-N -827.479896 — 874 019 855 1249 1499 1543 192.9 188.2°%187.3"V°
153.3%° 151.9% 1499
Lys™-siMe-z-H -827.483744 — 9.08 -0.17 891 124.6 150.0 153.7 193.1 189.0°%187.0°™°181.5%"
{0CO-+-HNY} 125,60 154,07 153.0% 149 5
Tyr-Si-u 881352551 550  -7.84 -0.06 7.78 1211 133.8 1469 149.4 1927 186.4°"135.8"°
Tyr-Siz 881356528 15.26  -7.86 -0.04 7.82 124.8 149.7 1545 1919 186.1°""1358"°
Tyrsi -881.280095 4201  -7.74 -0.51 7.3 125.4 146.9 153.9 190.4 189.0°" 1453
Ty''siu -881.740428 — 835 -0.68 767 1207 134.1 1465 149.6 192.4 188.1%"1452"°
Ty'siz 881743120 — -8.85 -0.60 825 124.7 149.7 154.7 190.7 187.9%7 14530
Tyr-Si™-u  -959.997950 5.54  -7.74 -0.11 7.63 1212 1340 1472 149.1 193.8 187.2°V°187.6%"136.0"°
TyrsiYz  -960.002252 1561  -7.76 -0.14 7.62 125.0 149.9 154.2 193.0 187.2°M¢187.15%136.0™°
Tyrsiv  .959.924384 4109  -7.63 -038 7.25 1255 147.3 153.7 1912 187.4°M°190.15" 1454
Tyr''si'u 960386676 — 815 054 761 1209 1341 1468 149.1 193.4 187.0°™°189.2""1453"°
Ty 960389651 — 868 054 812 124.8 149.8 1543 192.5 187.0""°188.6°"145.3™°

2 The three-letter symbols for the common a-amino acids, plus the suffix “-Si”, identify the parent p-sila-a-amino acid, the
“Si"" denotes a dimethylsila-group, and “-u” and “-z" indicate whether the a-amino and a-acid groups are uncharged or
zwitterionic, respectively. When the side-chain bears a positive charge, a superscripted “R+” indicates this charge; without
either “-u” or “-z” the molecule is a “charge-isomer” which bears no charge on the a-amino group, a negative charge on the
a-carboxylic acid group, and a positive charge on the side-chain. For those molecules which may exhibit an intramolecular
hydrogen-bond, an “-N” indicates the molecule without, and an “-H" with, such a bond; the connectivity of the hydrogen
bond is noted in curly brackets and no hydrogen bonds were observed for the B-sila-cysteines or the B-sila-tyrosines.
® Mean values, where appropriate. Superscripts denote the X-Y atoms in the bond; “Me” indicates a methyl group.
; Dipole moments are undefined for a species bearing an overall positive charge.
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Table 6. Selected electronic and structural properties of the B-sila-N-formylmethionines and the B-sila-selenocysteines and their
dimethylsila-analogs

molecule’ electronic  dipole  molecular orbital energies  selected bond distances
energy moment  (eV) (pm)®
(au) (o) Homo Lumo difference’ C-0 C-0" C-N C-C C°-Si X-Y
fMet:Siu  -1165.242676 7.4 -7.54 000 7.54 1208 1334 1451 149.8 193.1 187.8%%182.8°
181.471345"4 1224%°
fMet”-Si  -1164.788825 — 737 017 754 1252 1453 1540 1911 1884%%182.7%°
18147 133.5%% 12307
Met-Si'".u -1243.889150 7.64 -742 -0.08 7.34 1209 133.7 1453 1495 [194.3] 18837 183.19° 186.9°"
18157 1343%% 122,40
Met”si"® 1243432360 — 724 004 7.8 1253 1456 1539 192.2 189.1%%182.9%° 187.6™"
18155 133.4%% 123,0%°
Sec:Siu  -2976684462 349 -819 -0.06 8.13 1209 1336 1465 150.0 192.0 230.%%
Sec:Siz  -2676690712 1258 -8.16 -0.18 7.98 1246 1493 154.7 190.4 2303%%

Sec™-si; Sec™"-Si-u; Sec™-Si-z

SecSi"u  -3055.332306 454 -801 013 7.88
SecSi"z  -3055.337828 1153 803 016 7.87 1248
Sec™5i"; Sec™-si""-u; Sec™5i""2

[unable to be optimized]
1210 1338 1468 149.6 192.8 [232.1]"*186.6"™
1495 1546 1917 [232.2]°* 1863
[unable to be optimized]

2 The symbols for these two less-common B-sila-a-amino acids are fMet-Si, B-sila-N-formylmethionine, and Sec-Si, f-sila-
selenocysteine; the “Sit” denotes a fully-methylated silicon atom and “-u” and “-z” indicate whether the a-amino and
a-acid groups are uncharged or zwitterionic, respectively. When the side-chain bears a positive charge, a superscripted
“R+” indicates this charge; without either “-u” or “-z” the molecule is a “charge-isomer” which bears no charge on the
a-amino group, a negative charge on the a-carboxylic acid group, and a positive charge on the side-chain, except in the
cases of fMet-Si and fMet®-Si"* wherein the superscripted “O-" without the “-u” or “-z" suffixes indicates the presence
of an a-carboxylate group with the N-formyl group remaining neutral. No intramolecular hydrogen bonds were observed
for these molecules.

® Mean values, where appropriate. Superscripts denote the X-Y atoms in the specific bond; “Me” indicates a methyl group.
Bond distances in square brackets arbitrarily indicate Si-C distances approaching (>194.0 pm) or exceeding 194.9 pm, the
sum of the tetrahedral covalent radii for C and Si, or Si-Se distances approaching (>231.0 pm) or exceeding 232.1 pm, the
sum of the tetrahedral covalent radii for Si and Se.

z Dipole moments are undefined for a species bearing an overall positive or negative charge.

-E .
w0~ Ehono



Journal of Undergraduate Chemistry Research, 2023, 22(3), 51

Table 7. Selected electronic and structural properties of the B-sila-pyrrolysines and the B-dimethylsila-pyrrolysines

molecule® electronic  dipole molecular orbital energies  selected bond distances
energy moment  (eV) (pm)®
(au) (0 Homo Lumo difference® -0 C-0% C-N C-C C%Si X-Y
Pyl-Si-u -1111.174556 537 -8.65 -0.13 852 121.1 1336 1464 149.7 192.2 187.71536%152.4%
12317 145.6“"133.9"" 152,07
147.2%"127.1"% 150,3%
153,97 155, 0%
152,20‘.Me
Pyl-SizN  -1111.176627 10.73 -8.81 -0.11 8.70 1248 149.8 1546 191.7 187.8°/153.4%% 1523
122,97 145.7"134.2%152. 19
1474 127.2"* 1504
153,79 154.7%
152,19V
Pyl-SizH  -1111187719 9.50 -872 -0.04 8.68 1249 149.6 154.6 1922 188.0%%153.6%%1526%
{HoNH--N""} 122.9°°° 145.9%" 134,11 153 1r°
148,0°"127.2"*150,0%
154,27 1548
152.7%Me 184,34
Pyl-Si-zH 1111185472 13.09 -864 -0.10 854 125.0 150.1 154.3 193.1 188.2%%1536%1527%
{0CO--HN} 12480 145.8%" 134,21 152,27 ®
123.1° 147.2°"127.4"*150.3%
153.9%%¥ 154,748
15233 1998%0
Pyl-Siz-H  -1111.183488 2040 -8.75 -0.09 8.66 1248 149.8 1555 1917 188.0%154.0%°1530%<
{HoNH--0C} 12397 145.5%M 133,315 3¢7°
147.0"127.2% 1503
151'3CA—CM155_4CMC8
152.7%Me174.7%©
pyl*-si -1111.160027 5638  -7.94 -1.08 6.86 125.4 1472 153.8 189.4 188.6%%153.29%152.3%¢
122,67 146.0"133,6V 1525
147.3°V127.7%* 148.2%%
154,39 % 154,84
1520V
pyl*siu -1111.620449 — 864 -122 742 1212 1336 1465 149.7 192.2 187.4%%1533% %153 1%
122,57 146.0“"134.1%" 152,37
147.6%V128.0%* 148.1%
154.29% 154,94
151'9Cu'Me
pyl-Siz-N  -1111.624386 — 883 -1.10 7.73 1248 149.8 1546 191.8 187.9%%153.4%%1523%¢
122,59 146.0"133,6V 1525
147.3°V127.7%* 158,25
154,39 % 154,84
152.0%M
pyl*Siz-H  -1111.641173 — 896 -0.67 8.29 1237 149.7 153.4 192.7 187.15%153.49 %153 %%
{0CO--HN"} 1266 145.9" 134,04 153,17
1225 147.7V127.4V* 148.7%
154.3%% 154,04
152.1%M¢ 149,50
pylSiz-H  -1111.631782 — 899 -1.08 791 1239 149.9 154.1 192.8 1875715401526
{0CO-HN} 1260 145.9"133.2V" 1532
122,87 147.8"127.8" 148.2
154.2%%154.2%°
152.0%M¢ 187,50
PylSizH 1111637417 — 9.02 -093 809 1239 149.6 153.6 193.7 188.3"153.4% 1544
{H2NH--OC + 0CO--HN""} 1262 146.2"133.0"" 153,07
12347 147.3%"127.5" 1486
154.49% 154,54 167,20
152,0%M¢ 179,30
pylsi™-u  -1189.819050 4.16 -851 -0.16 835 1214 1338 1464 149.3 193.6 188.6°%187.2°"°1535%
123.2°%° 152.5%€ 1457 133, 9%
152,07 147.2%" 127,14
150‘3{.‘»0\153.90\&
155‘OCIA-68152‘2CM-M8
pylsi"*zN -1189.821648 1062 -8.67 -0.12 855 125.0 150.0 1542 192.6 188.6°187.2°*153.4% %
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portions of the molecules, as these positions will need to remain
unsubstituted to potentially allow the polymerization of these
B-sila-o-amino acids into peptides or proteins.

No methylation sites on the side-chains, save for methylation
at the silicon atom, were investigated, with the exceptions of B-sila-
serine (Ser-Si) and B-sila-threonine (Thr-Si). The substitution of
silicon for carbon at the B-position in these B-sila-a-amino acids
will result in the creation of silanols, molecules containing an Si—
OH moiety. Such silanols could be reactive® and, thus, methylation
at the B-sila-serine and f-sila-threonine hydroxy groups was also
investigated with the aim of specifically broadening the potential
for stability in these two B-sila-o-amino acids. However, despite
the potential for reactivity, an a-amino acid containing a silanediol
group — 2-amino-6-dihydroxymethylsilylhexanoic acid®
has been synthesized and characterized. In this molecule, the
silicon atom has replaced a carbon atom at the {-position, and the
molecule was found to be both soluble and stable in water despite
containing two OH groups attached to the silicon atom. Above pH
~11, the molecule was monomeric, but existed in an equilibrium
between the monomer and the dimer at lower pH levels. Thus,
free silanol-containing B-sila-o-amino acids may also be realistic
synthetic targets.

In all cases, the zwitterionic [R-CH(COO")(NH,")] forms of
the molecules were calculated to be more stable in a simulated
aqueous solution than were the uncharged isomers [R-CH(COOH)
(NH,)]. Further, the alternative zwitterionic “charge isomers” in
which the molecules are neutral overall but carry a charge on the
side-chain — either in the form [R—CH(COOH)(NH,")] or [R*-
CH(COO")(NH,)] — were generally (vide infra) found to be less
stable than the zwitterionic molecules and were expected to rear-
range to the more stable zwitterionic forms.

The carbon-silicon single bond lengths in the B-sila-a-amino
acids were unremarkable, except for the Si—C* bonds. In general,
experimental Si—C bond lengths range between 184 pm and 188
pm, i.e., C1,Si(CH,),, 185.8 pm (electron diffraction*’) and 185.0
pm (microwave spectra and electron diffraction’'); CISi(CH,),,
184.3 pm (X-ray diffraction’); Si(CH,),, 187.5 pm (electron
diffraction); and Si,(CH,),, 187.7 pm (electron diffraction®); the
average Si—C bond distance has been reported® to be ~187 pm.
For carbon and silicon, the tetrahedral covalent radii have been
determined* to be 77.3 pm and 117.6 ppm, respectively, resulting
in a sum of 194.9 pm for a Si—C bond. In those molecules in which
the Si—C* bonds exceeded the sum of the tetrahedral covalent radii
of carbon and silicon, the molecules were the uncharged systems
rather than the zwitterionic molecules that were calculated to exist
in aqueous solution, except for two B-dimethylsila-pyrrolysines
(vide infra). Thus, although the Si—C* bonds were often calculated
to be slightly longer than expected (at ~190 pm), the bonds
generally remained shorter than the sum of the tetrahedral covalent
radii for carbon and silicon. Such longer bonds would be expected
to be weaker and more easily broken, however, and may require the

2 The three-letter symbol for B-sila-pyrrolysine is Pyl-Si; the “-Si*” denotes a fully-methylated silicon atom and “u” and “-z"
indicate whether the a-amino and a-acid groups are uncharged or zwitterionic, respectively. When the side-chain bears
a positive charge, a superscripted “R+” indicates this charge; without either “-u” or “-z" the molecule is a “charge-isomer’
which bears no charge on the a-amino group, a negative charge on the a-carboxylic acid group, and a positive charge on
the side-chain. For molecules in which intramolecular hydrogen bonds were observed, the “-H” indicates the molecules
with, and the “-N" without, such a bond; the hydrogen bond geometries are given in curly brackets (the “N®” indicates the
nitrogen atom in the five-membered pyrroline ring).

® Mean values, where appropriate. Superscripts denote the X-Y atoms in the specific bond; “Me” indicates a methyl group.
Bond distances in square brackets arbitrarily indicate Si-C distances approaching (>194.0 pm) or exceeding 194.9 pm.

: Dipole moments are undefined for a species bearing an overall positive or negative charge.
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addition of methyl groups on silicon to sterically inhibit reactivity
at the Si—C® bond. However, such methylation did not significantly
alter the calculated bond lengths for the methylated molecules in
comparison to the parent, un-methylated molecules. Further, the
methylated analogs often were calculated to exhibit structures very
similar to the unmethylated parent molecules, despite the methyl
group steric impacts.

The Mulliken bond orders® for Si—C bonds can be compared
to the bond lengths in these molecules to provide an estimate of the
relative strengths of the bonds. For example, in the zwitterionic
B-dimethylsila-alanine (Ala-Si™-z), the Si—C® bond, with a length
of 193.0 pm, was calculated to exhibit a Mulliken bond order of
0.83, while the Si~CH, bonds, with an average length of 187.3 pm,
had an average bond order of 0.92. Similar values were observed
throughout the B-sila-a-amino acids investigated. However, when
the calculated bond lengths exceeded ~194 pm, such as with the
charge-isomer of f-sila-glutamic acid (Glu®-Si) in which the
molecule contains a side-chain with a negative charge, a positively-
charged a-ammonium group and a neutral a-carboxylic acid group,
the Mulliken bond order decreased sharply. In this case, the Si—
C* bond length of 196.2 pm was calculated to have a Mulliken
bond order of only 0.41. Such weak bonds would be expected to
be reactive — or even cleaved — in an aqueous solution, perhaps
again underlining the case for methylation at the silicon center, as
such methylation is known?® to stabilize these molecules. However,
in the methylated charge isomer (Glu®-Si™), for example, the
bond distance was only marginally shorter at 195.8 pm with only
a slightly-increased Mulliken bond order of 0.49. (The neutral
charge-isomers of B-sila-glutamic acid were less stable than the
zwitterionic forms, however, indicating that the zwitterionic forms
would be the isomers present in solution.)

p-Sila-a-Amino Acids Containing Neutral Side-Chains

Only two structures needed to be investigated for most of the
B-sila-a-amino acids derived from those o-amino acids bearing a
neutral side-chain, and two structures for each of the permethyl-
sila-analogs, as listed in Table 1. These twelve B-sila-a-amino
acids — p-sila-alanine (Ala-Si), B-sila-asparagine (Asn-Si),
B-sila-glutamine (GIn-Si), B-sila-isoleucine (Ile-Si), B-sila-leucine
(Leu-Si), B-sila-methionine (Met-Si), B-sila-phenylalanine (Phe-
Si), B-sila-proline (Pro-Si), B-sila-serine (Ser-Si), -sila-threonine
(Thr-Si), B-sila-tryptophan (Trp-Si), B-sila-valine (Val-Si), and
their permethylsila-analogs (designated “-Si*”) — were each cal-
culated as both the uncharged (“-u”) molecules [R-CH(COOH)
(NH,)] and the zwitterionic (*-z”) molecules [R-CH(COO")
(NH,")]. In addition, B-sila-serine and f-sila-threonine were in-
vestigated as the methoxy-analogs (Ser®e-Si, Ser®e-Si™:, and
Throe-Si; ThroMe-SiMe = Ser®:-Si™°) because of the potential re-
activity®® of the Si—~OH moiety in these molecules.

Note that although the parent a-amino acids leucine and iso-
leucine are isomers, and Leu-Si and Ile-Si are isomers, Leu-SiMe
and Ile-Si™ are not isomers: Only a single methylation was re-
quired for the former, while two methyl groups needed to be added
to the silicon center for the latter. The uncharged and zwitterion-
ic B-sila-isoleucines (Ile-Si-u and Ile-Si-z) were calculated to be
more stable than the corresponding isomeric uncharged and zwit-
terionic B-sila-leucines (Leu-Si-u and Leu-Si-z).
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Ala-Si-z Ala-Si¥e-z lle-Si-z lle-Sie-z

Leu-Si-z Leu-SiVe-z Val-Si-z

Phe-Si-z Phe-SiVe-z Trp-Si-z Trp-SiMe-z

Figure 1. The zwitterionic B-sila-a-amino acids and their permethylsila-analogs

with neutral alkyl or aryl side-chains (Val-Si*¢-z = Ala-Si™e-z). Atom key: H, light
gray; C, dark gray; N, blue; O, red; Si, green.

Ser-Si-z SeroMe.sj-z Ser-SiVe-z SerOVe.gjMe.z

Thr-Si-z ThroVe.si-z

Met-Si-z Pro-SiVe-z

Figure 2. The zwitterionic B-sila-a-amino acids and their permethylsila- and/or
methoxy-analogs with oxygen- or sulfur-containing side-chains, including the zwit-
terionic B-sila-prolines (Thr-SiMe-z = Ser-SiMe-z and ThroMe-Site-z = Serove-Gite.z),
Atom key: H, light gray; C, dark gray; N, blue; O, red; S, yellow; Si, green.

Met-Si"'e-z Pro-Si-z

Ser-Si-z Ser®™e.si-z Ser-ie-z Ser®Me.siVe.z
Thr-Si-z Thro"e-iz
Met-Si-z Met-Si"*-z Pro-Si-z Pro-si*-z

Figure 3. The zwitterionic B-sila-a-amino acids and their dimethylsila-analogs
with neutral side-chains that exhibited intramolecular hydrogen bonds. Atom key:
H, light gray; C, dark gray; N, blue; O, red; Si, green. The thin lines indicate the
positions of the hydrogen bonds.
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For each of these twelve B-sila-a-amino acids with neutral
side-chains, the zwitterionic form was found to be more stable
than the uncharged form, as expected. In Fig. 1, the zwitterionic
structures of the B-sila-o-amino acids containing simple alkyl or
aryl neutral side-chains are depicted, while Fig. 2 shows the zwit-
terionic B-sila-o-amino acids with oxygen or sulfur in the neutral
side-chains, along with proline. The molecules illustrated in Fig. 3
are those B-sila-a-amino acids containing hetero-atoms in the neu-
tral side-chain which exhibited intramolecular hydrogen bonds:
the B-sila-asparagines and B-sila-glutamines.

Interestingly, semiempirical conformational analyses, which
were then confirmed at the M06-2X/6-311++G** level of theory,
indicated that zwitterionic B-dimethylsila-asparagine could exist
as a molecule with an intramolecular hydrogen bond between a
hydrogen atom of the positively-charged a-amino group and the
amide carbonyl group, Asn-Siv¢-z-H{H NH---OC}, or between
the negatively-charged a-carboxylate and the amide NH, group,
Asn-Si™-z-H{OCO---HNH}. (Note that the hydrogen bond con-
nectivity in the intramolecularly hydrogen-bonded molecules is
given in curly brackets.) Although the conformational analyses
did not consistently indicate the presence of intramolecular hydro-
gen bonds in other zwitterionic molecules, these results initiated
the additional investigations of the potential for intramolecular hy-
drogen bonding in zwitterionic f-sila-asparagine, Asn-Si-z, -si-
la-glutamine, GIn-Si-z, and B-dimethylsila-glutamine, Gln-SiM¢-z,
for similar structures, and in other B-sila-a-amino acids (vide in-
fra). The intramolecular hydrogen bonds between the a-carboxyl-
ate and the hydrogen of the amide NH,-group and those between
the a-ammonium and the oxygen of the amide C=0 group were
calculated to be stable minima on the relevant potential energy
surfaces for each of the zwitterionic B-sila-asparagines and the
zwitterionic B-sila-glutamines. (However, no hydrogen bonding
was calculated to exist between the a-ammonium group and the
nitrogen of the amide NH, group.) The properties of these hydro-
gen-bonded molecules are listed in Table 1 and illustrated in Fig. 3.

For both the hydrogen-bonded B-sila-asparagines and f-si-
la-glutamines, the molecules with the intramolecular hydrogen
bond between the positively-charged a-ammonium and the am-
ide carbonyl group were more stable than those molecules with an
intramolecular hydrogen bond between the a-carboxylate and the
amide —~NH, groups. Thus, calculations indicated that Asn-Si-z-
H{H,NH---OC} was more stable than Asn-Si-z-H{OCO---HNH}
by 1.7 kJ/mol and Asn-Si*-z-H{H,NH---OC} was more stable
than Asn-Si™-z-H{OCO---HNH} by 3.7 kJ/mol, while GIn-Si-z-
H{H,NH---OC} was more stable than GIn-Si-z-H{OCO---HNH}
by 11.3 kJ/mol and GIn-Si**-z-H{H,NH---OC} was more stable
than GIn-Si™-z-H{OCO---HNH} by 5.4 kJ/mol. The hydro-
gen-bond distances were shorter and the Mulliken bond orders
(in parentheses) greater, in the f-sila-asparagines — Asn-Si-z-
H{H,NH---OC}, 186.5 pm (0.10); Asn-Si-z-H{OCO---HNH},
191.2 pm (0.09); Asn-Si¥-z-H{H NH---OC}, 185.6 pm (0.12);
Asn-SiM-z-H{OCO---HNH}, 188.5 pm (0.09) — than in the cor-
responding B-sila-glutamines — GIn-Si-z-H{H NH---OC}, 191.7
pm (0.05); GIn-Si-z-H{OCO---HNH}, 193.0 pm (0.04); GIn-Si=-
z-H{H,NH---OC}, 192.2 pm (0.05); GIn-Si**-z-H{OCO---HNH},
191.8 pm (0.04) — although the Mulliken bond orders were calcu-
lated to be small for all of these molecules. The shortening of bond

distances may be due to the ring-size differences in the intramolec-
ularly-hydrogen-bonded molecules, as the B-sila-asparagines pro-
duce six- and seven-membered rings, while the B-sila-glutamines
produce seven- and eight-membered rings. In all cases, however,
the hydrogen-bonded structures were calculated to be more stable
than their non-hydrogen-bonded counterparts.

Other than the presence of the hydrogen bonds and the intra-
molecular cyclization, the structures and properties of the hydro-
gen-bonded molecules were calculated to be similar to the struc-
tures and properties of those molecules without hydrogen bonds,
albeit save for the cyclization. In addition, as the illustrations indi-
cate, the presence of the methyl-groups on silicon (or on oxygen)
did not appreciably alter the structures or properties of the mole-
cules, again apart from the cyclization.

The differences in energy between the non-hydrogen-bonded
and the more stable intramolecularly-hydrogen-bonded molecules
were 9.05 kJ/mol for Asn-Si-z-H{H,NH---OC}, 12.2 kJ/mol for
Asn-Si*-z-H{H,NH---OC}, 19.0 kJ/mol for GIn-Si-z-H{H,N-
H---OC}, and 13.6 kJ/mol for GIn-Si*-z-H{H NH---OC}. While
these energy differences cannot be solely ascribed to the hydrogen
bond strength, as the values include energy differences between
open chain molecules and cyclized molecules in addition to the
hydrogen bonds, the energies are reasonable® for hydrogen bond
strengths.

In three of the optimized molecules with neutral side-chains
— Leu-SiMe-u, Pro-Si-u, and Pro-Si™°-u — the Si—C*® bonds were
calculated to be longer than 194 pm, approaching or exceeding
the sum of the tetrahedral covalent radii for silicon and carbon.
As previously discussed, such long bonds are likely to be weak
and may engender instability or reactivity for these molecules.
(Note, however, that the Si~CH, bond lengths were, in general,
significantly shorter than the Si—C* bonds.) However, all three of
these molecules are the uncharged isomers. As the B-sila-a-amino
acids were expected and were calculated to exist in solution as the
zwitterions (which do not exhibit such long bonds), these results
did not indicate that these p-sila-a-amino acids could not exist as
zwitterionic species in solution.

Heavily-protected derivatives®’ of Ala-Si™*-u have been syn-
thesized, and the crystal structure of one such molecule, the ethyl
ester of B-(z-butyldimethylsila)-N-tosyl-a-alanine — termed ethyl
a-(¢-butyldimethylsilyl)-o-N-tosylaminoacetate in the article), —
was determined. The solid-state bond lengths of 191.9 pm (Si—C®),
146.9 pm (C*-N), 151.2 pm (C*-C), 119.8 (C=0), and 132.7 (C-
OEt) generally compared well with the calculated values reported
herein in a simulated aqueous environment, especially as the com-
parison is somewhat tenuous between a solid-state molecule and a
molecule in a simulated aqueous environment. The y-sila-leucine
derivative 3-trimethylsilylalanine has been synthesized* using an

Glu-si"*-z-N Glu-i"®-2-H{H,NH--0CO"} Glu™-si"*-z-N Glu™-5i"*-z-H{H,NH--0CO}
Figure 4. The B-sila-a-amino acids with anionic or potentially anionic side-
chains, and their permethylsila-analogs. Atom key: H, light gray; C, dark gray;
N, blue; O, red; Si, green. The thin dashed lines indicate the positions of the

hydrogen bonds.



enzymatic route, and the molecule and related derivatives were
used® as inhibitors of thermolysin. Earlier, more general synthetic
routes to these molecules*®*! have also been reported.

p-Sila-a-Amino Acids Containing Potentially-Anionic or Anionic
Side-Chains

The properties of the two B-sila-a-amino acids bearing potentially-
anionic or anionic side-chains are listed in Table 2, and the
zwitterionic forms are illustrated in Fig. 4. Before the discovery
of the intramolecularly-hydrogen-bonded structures for the
B-sila-asparagines and the B-sila-glutamines, only the neutral
uncharged, zwitterionic, and charge isomer systems, along with
the corresponding systems with a negative charge on the side-
chain, were considered for -sila-aspartic acid and B-sila-glutamic
acid and their permethylsila-analogs. However, hydrogen bonding
in the p-sila-asparagines and [-sila-glutamines meant that
intramolecular hydrogen bonding might also exist in the B-sila-
aspartic acids and B-sila-glutamic acids. Thus, such hydrogen-
bonded molecules were examined as the zwitterionic species both
with and without a negative charge on the side-chains, i.e., for
side-chains containing either the deprotonated carboxylate moiety
or the protonated carboxylic acid group, respectively.

None of these B-sila-a-amino acids have been investigated
either computationally or experimentally. As was the case for the
neutral-side-chain B-sila-a-amino acids, the zwitterionic form was,
for all molecules, more stable than the uncharged form. In ad-
dition, the charge isomers were calculated to be less stable than
the corresponding zwitterionic forms, as was observed previously
for the B-sila-a-amino acids with neutral side-chains. The zwit-
terionic, non-hydrogen-bonded species (Asp-Si-z-N, Asp-SiVe-
z-N, Glu-Si-z-N, and Glu-Si**-z-N) were more stable than the
uncharged species (Asp-Si-u, Asp-Si**-u, Glu-Si-u, and Glu-Si*-
u), but less stable than the zwitterionic hydrogen-bonded species.

In three instances, the Si-C* bond distance was calculated to
exceed 194.9 pm, the sum of the covalent radii for carbon and sili-
con, in the charge isomers Asp®-Si™ (195.6 pm), Glu®-Si (196.2
pm), and Glu®-Si™ (195.8 pm); the remaining charge isomer,
Asp®-Si exhibited a slightly shorter Si—C* bond distance of 193.8
pm. The Mulliken bond orders for the Si-C® bonds in these charge
isomers were Asp*-Si, 0.50; Asp®-SiM©, 0.57; Glu®-Si, 0.41; and
Glu®-Si™, 0.49, indicating comparatively weak bonds. However,
since each of these charge-isomers is calculated to be less stable
than the zwitterionic forms, if prepared, the isomers would be ex-
pected to convert to the zwitterionic forms which exhibit shorter
(and, hence, stronger) bonds.

For the zwitterionic B-sila-aspartic acids and B-sila-glutamic
acids, there are two hydrogen-bonded possibilities, these being
between the positively-charged a-ammonium group and the side-
chain protonated carboxylic acid group or to the deprotonated carb-
oxylate moiety. In the former instance, the hydrogen bond distances
and Mulliken bond orders (in parentheses) for the B-sila-aspartic
acids and B-sila-glutamic acids — Asp-Si-z-H{H,NH---OCO"},
196.2 pm (0.09); Asp-Si*-z-H{H,NH---OCO"}, 193.7 pm
(0.11); Glu-Si-z-H{H NH---OCO"}, 191.1 pm (0.10); Glu-Si™*-
z-H{H,NH---OCO"}, 193.0 pm (0.07) — were calculated to be in
line with the distances and bond orders calculated for the B-sila-
asparagines and the B-sila-glutamines.
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The intramolecularly hydrogen-bonded molecules in which
the side-chain carboxylate with a negative charge participated in
the hydrogen bond exhibited significantly shorter hydrogen bond
distances than was observed for hydrogen bonds to the neutral side-
chain carboxylic acid. For these cases involving the side-chain
carboxylate group, the hydrogen bond distances and Mulliken bond
orders (in parentheses) in which the hydrogen bond was between
the positively-charged a-amino group and the negatively-charged
side-chain carboxylate moiety — Asp*-Si-z-H{H,NH---OCO},
168.3 pm (0.16); Asp®-Si¥*-z-H{HNH---OCO}, 164.6 pm
(0.19); Glu®-Si-z-H{H,NH---OCO}, 155.1 pm (0.22); and Glu®™
-SiMe-z-H{H,NH---OCO}, 155.4 pm (0.21) — were calculated to
be much stronger. Such a result may not be remarkable, however,
as a hydrogen bond between a neutral oxygen-containing moiety
such as a protonated ~CO,H group and an ammonium-like cation
would be expected to be weaker than a hydrogen bond between a
carboxylate anion and such a cation.

The strength of these hydrogen bonds may be approximated
by comparing the electronic energies of the hydrogen-bonded and
non-hydrogen-bonded structures, although such a comparison, as
mentioned earlier, does not account for ring strain or other fac-
tors that may occur in converting an open chain molecule into a
cyclic hydrogen-bonded molecule. That being stated, the energy
differences were as follows (calculated by subtracting the energy
of the hydrogen-bonded molecule from the non-hydrogen-bonded
molecule, since both energies are expressed as negative values, to
result in an overall positive value for the approximated hydrogen
bond strength):

E[Asp-Si-z-N] - E[Asp-Si-z-H{H,NH---0CO™}] 0.001509 au 3.96 kJ/mol
E[Asp-Si"™-z-N] - E[Asp-Si"“-z-H{H,NH--0CO™}] ~ 0.008474au 222 kJ/mol
E[Asp"-Si-z-N] - E[Asp"-Si-z-H{H,NH--0CO}] ~ 0.002271au  5.96 kl/mol
E[Asp™-8i"-z-N] - E[Asp"-Si"*-z-H{H,NH--OCO}] 0.009375au  24.6 kl/mol
E[Glu-Si-z-N] - E[Glu-Si-z-H {H,;NH-+-0C0"}] 0.005331au 140 kJ/mol
E[Glu-8i"-z-N] - E[Glu-Si"*-z-H{H,NH--0C0"}] ~ 0.013425au  35.2 kJ/mol
E[GIu™-Si-z-N] - E[Glu®-Si-z-H{H,NH-~0CO}] ~ 0.004074au  10.7 kJ/mol
E[GIu™-8"-z-N] - E[GIu"-$i"-z-H{H,NH--0C0}] 0.012713au  33.4 kJ/mol

While these are weak hydrogen bonds* — even the hydrogen
bonds with energies greater than ~20 kJ/mol — such cyclic struc-
tures are expected to have a significant effect on the B-sila-aspartic
acids and B-sila-glutamic acids in solution, and most especially for
the molecules with negatively-charged side-chains.

p-Sila-a-Amino Acids Containing Cationic or Potentially-Cationic
Side-Chains

The five B-sila-a-amino acids derived from the common a-amino
acids with cationic or potentially-cationic side-chains are B-sila-
arginine (Arg-Si), p-sila-cysteine (Cys-Si), B-sila-histidine (His-
Si), B-sila-lysine (Lys-Si), and B-sila-tyrosine (Tyr-Si). Because
the B-sila-derivatives of histidine represent a somewhat more
complicated class of B-sila-a-amino acids than do the remaining
four B-sila-a-amino acids in this group, the properties of these
molecules are detailed separately in Table 3 and the zwitterionic
forms illustrated in Fig. 5. [The commonly-used “pseudo-
systematic” Greek lettering for the atom positions on the imidazole
ring of histidine was used herein even though such identification
is somewhat idiosyncratic: The N and C atoms attached to C" are
both designated delta (N® and C?), while the remaining two atoms
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are both labeled epsilon (N* and C¥).]

For B-sila-histidine (which could generically be designated
His-Si based on the three-letter designation for histidine), three
different structures needed to be investigated because of the
presence of the imidazole ring: The B-sila-histidine molecules in
which the imidazole ring was expected to be fully-protonated and
positively-charged — Hip®'-Si — occur (in the parent histidine
without a B-silicon atom) in aqueous solutions below about pH
6.0. Either of the two remaining structures could potentially occur
above pH 6.0, in which the single proton on the neutral imidazole
ring could be bound either to N° (Hid-Si) or to N* (Hie-Si). Thus,
the parent designation His-Si was not used for any of the p-sila-
histidines or their dimethylsila-analogs.

Unlike some of the B-sila-a-amino acids previously described,
none of the B-sila-histidines exhibited silicon-carbon bond lengths
that approached or exceeded the sum of the tetrahedral covalent
radii for silicon and carbon (194.9 pm). However, intramolecular
hydrogen bonding was calculated to be possible in the f-sila-
histidines: The intramolecular hydrogen bonds occurred between
the negatively-charged a-carboxylate group and the N°>-H group of
the imidazole ring for Hid-Si, Hid-Si™, Hip**-Si, and Hip®*-Si™
and between the unprotonated N° and the protonated a-amino group
for Hie-Si and Hie-Si™. Because of the distances and molecular
geometries involved, hydrogen bonding to the e-nitrogen position,
either with the unprotonated N° in Hid-Si and Hid-Si™, or with
the protonated N*—H in Hip®'-Si, Hip**-SiM°, Hie-Si, and Hie-SiMe,
were determined calculationally to be impossible.

The hydrogen bonds in the unprotonated B-sila-histidines and
their dimethylsila-analogs exhibited relatively long bond lengths
and relatively weak Mulliken bond orders (in parentheses): Hid-Si-
z-H{OCO---HN?}, 195.2 pm (0.04); Hid-Si*-z-H{OCO---HN?},
191.3 pm (0.05); Hie-Si-z-H, 190.1 pm (0.10){H,NH---N°}; and
Hie-Siv-z-H{H,NH---N°}, 189.9 pm (0.09). However, the pro-
tonated B-sila-histidines and their dimethylsila-analogs exhibited
slightly shorter hydrogen bond distances, albeit with little change
in Mulliken bond orders: Hip®'-Si-z-H{H,NH---N°}, 180.1 pm
(0.06); and Hip**-Si™e-z-H {H NH---N°}, 172.4 pm (0.08).

Hid-Si-z-N Hid-Si-2-H{OCO-HN®} Hid-$i""*-2-N Hid-§i""*-2-H{OCO-HN®}
Hie-Si-z-N Hie-Si-z-H{H,NH-~N°} Hie-si"-z-N Hie-Si""*-z-H{H,NH--N°}
Hip-Si-z-N Hip-Si-z-H{OCO--HN°} Hip-si¥®-z-N Hip-Si™*-2-H{OCO--HN’}

Figure 5. The f-sila-a-amino acids derived from the histidines, and their dimeth-
ylsila-analogs. Atom key: H, lighray; C, dark gray; N, blue; O, red; Si, green. The
thin dashed lines indicate the position of the hydrogen bonds.

As was described earlier, the strength of these B-sila-histidine
hydrogen bonds may be approximated by comparing the electronic
energies of the hydrogen-bonded and non-hydrogen-bonded struc-
tures. These energy differences were as follows:

E[Hid-Si-z-N] - E[Hid-Si-z-H{OCO---HN%}] 0.005223au  13.7 kl/mol
E[Hid-Si""*-z-N] - E[Hid-Si""*-z-H{OCO---HN"}] 0.003115au  8.18 kl/mol
E[Hie-Si-z-N] - E[Hie-Si-z-H {H;NH--N°}] 0.003501au  9.19 kl/mol
E[Hie-Si""-2-N] - E[Hie-Si"*-z-H {H,NH--"N'}] 0.006833au 179 klJ/mol
E[Hip"'-Si-z-N] - E[Hip“'-Si-zH{OCO--HN’}]  0.007135au  18.7 kJ/mol
E[Hip"*-$i"*-z-N] - E[Hip**-Si"*-z-H{OCO--HN"}]  0.007345au  19.3 ki/mol

In these molecules, there did not appear to be a pattern in the
approximated strengths of the hydrogen bonds, although those
formed in the P-sila-histidines with the protonated, positively-
charged side-chains (Hip®*-Si-z-H{OCO---HN?®} and Hip®"-Si™-
z-H{OCO---HN?}) were the shortest and strongest. Although the
sila- and dimethylsila-hydrogen-bonded structures were similar
(see Fig. 5), the zwitterionic B-sila-histidines without any charge
on the side-chains exhibited reversed hydrogen bond energies:
Hid-Si-z-H{OCO---HN?°}  exhibited a stronger hydrogen
bond than did Hid-Si™-z-H{OCO---HN?®}, while Hie-SiM-z-
H{H,NH:--N°} exhibited a stronger hydrogen bond than did Hie-
Si-z-H{H,NH---N°}. The sila- and dimethylsila-histidines with
positively-charged side-chains had nearly the same hydrogen
bond energies. The underlying reasons for these differences are
not currently fully understood.

The B-sila-histidines with neutral side-chains may be directly
compared for their calculated stabilities, as these molecules contain
the same number and kind of atoms. Thus, Hid-Si-u is more stable
than Hie-Si-u, but Hie-Si-z-N is more stable than Hid-Si-z-N; the
same is true for the B-dimethylsila-histidines. Neutral histidine
is preferentially protonated* at N rather than at N°; Hie-Si-z-N
was calculated to be more stable than Hid-Si-z-N. However, for
the dimethyl analogs, the reverse was found: Hid-Si™-z-N was
calculated to be more stable than Hie-SiM*-z-N. The reasons for
this reversal are unclear.

Because of the multiplicity of potentially hydrogen-bonded

Arg-Si-z-N Arg-Si-z-H{OCO---HNH} Arg-Si-z-H{OCO"*-HN‘}

Arg:-5i-2-H{OCO"HNC' + HNH:+-N(H)C}

Arg-Si-z-H{H,NH---N(H)C%} Arg"Si-z-N Arg™'-Si-2-H{OCO---HNH} Arg™-Si-2-H{0CO---HN?}

Figure 6a. The B-sila-arginines. Atom key: H, light gray; C, dark gray; N, blue; O,
red; Si, green. The thin dashed lines indicate the positions of the hydrogen bonds;
two views of Arg-Si-z-H{OCO--- HNC? + H,NH---N(H)C?} are presented for clarity.



structures possible for the B-sila-arginines, and those calculated
to exist, the structures and properties of the B-sila-arginines are
listed separately in Table 4 and the zwitterionic forms, including
the hydrogen-bonded systems, are illustrated in Fig. 6a (B-sila-
arginines) and 6b (B-dimethylsila-arginines). As observed for the
previously-described B-sila-amino acids, the zwitterionic forms
were calculated to be more stable than the uncharged molecules,
and the “charge isomers” were less stable than the zwitterionic
forms. No molecules exhibited unusually-long bonds.

Hydrogen-bonded structures in the neutral side-chain B-sila-
arginines were thought to be possible with the o-carboxylate
group accepting a hydrogen bond from the side-chain —NH,
group or either of the two independent -NH groups, or with the
a-ammonium group donating a hydrogen bond to any of the three
nitrogen atoms of the neutral side-chain. Similarly, for the cationic
side-chain B-sila-arginines, hydrogen-bonded structures were
thought to be possible with the a-carboxylate group accepting
a hydrogen bond from either of the equivalent -NH, groups or
from the -NH group, or with the a-ammonium group donating a
hydrogen bond to a nitrogen atom of either of the two equivalent
~NH, groups or to the nitrogen atom of the -NH group.

The preceding analysis indicated that up to ten different
intramolecularly hydrogen-bonded -sila-arginines (and up to an
additional ten for B-dimethylsila-arginine) could exist. However,
calculations demonstrated that only six of these possibilities were
true minima on each of the relevant potential energy surfaces.
Thus, no hydrogen bonding was calculated to exist for the potential
donation of a hydrogen bond from the a-ammonium group to N¢
regardless of whether the side-chain was neutral, i.e., Arg-Si-z-
H{HNH---N°} and Arg-Si*-z-H{H,NH--"N°}, or positively-
charged, ie, Arg*-Si-z-H{HNH--N°} and Arg"-SiVe-z-
H{H,NH---N°}. In addition, no hydrogen bonding was calculated
to exist between the a-ammonium group and the nitrogen of the
NH, group when the side-chain carried a positive charge, i.e.,
Arg®-Si-z-H{H NH---NH_} and Arg*-Si*-z-H{H,NH---NH,},
or when the side-chain was neutral, i.e., Arg-Si-z-H{H,NH"--NH, }

Arg-SiVe-2-N Arg-Si™®-2-H{0CO"--HNH} Arg-Si™®-2-H{0CO"+-HN}

Arg-5i"%-2-H{OCO"-*HNC* + H,NH--N(H)C%}

Arg-Sie-z-H{H,NH-N(H)C} Argt-siMezN Arg™-5iV.2-H{OCO--HNH} Arg™-siVe.2-H{OCO - HN?}

Figure 6b. The B-dimethylsila-arginines. Atom key: H, light gray; C, dark gray;
N, blue; O, red; Si, green. The thin dashed lines indicate the positions of the

hydrogen bonds; two views of Arg-Si*¢-z-H{OCO:--HNC* + H,NH---N(H)C*% are
presented for clarity.
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and Arg-Si*-z-H{H,NH---NH,}.

Interestingly, when hydrogen bonding was investigated
between the o-carboxylate group and the HNC: group of
the neutral side-chain of the molecules, a second hydrogen
bond was also calculated to exist in both p-sila-arginine,
ie., Arg-Si-z-H{OCO---HNC* + HNH--N(H)C%}, and in
B-dimethylsila-arginine, ie., Arg-Si*-z-H{OCO---HNC* +
HNH---N(H)C%}. No structure could be identified containing
the {OCO---HNC*} hydrogen bond without the {H NH---N(H)
C¢} hydrogen bond also being present. However, the reverse was
not true, as both Arg-Si-z-H{H,NH---N(H)C*} and Arg-Si"*-z-
H{H,NH:---N(H)C‘}, each without a second hydrogen bond, were
stable minima on their respective potential energy surfaces, and
these latter systems exhibited the strongest hydrogen bonds of
their type (vide infra).

None of the p-sila-arginines or PB-dimethylsila-arginines
exhibited Si—C bonds that approached or exceeded the sum of the
tetrahedral covalent bond radii for silicon and carbon. In addition,
as was observed for the previously-discussed B-sila-o-amino
acids, the zwitterionic forms of these B-sila-a-amino acids were
calculated to be more stable than the uncharged forms, and more
stable than the charge isomer forms of these molecules. While
not all of the intramolecularly hydrogen-bonded structures were
calculated to be stable minima on the relevant potential energy
surfaces, the cyclic hydrogen-bonded structures which were
calculated to exist were more stable than the comparable acyclic,
non-hydrogen-bonded structures, as expected.

The four most stable intramolecularly hydrogen-bonded
systems, with hydrogen bond lengths (and Mulliken bond orders,
in parentheses), were Arg-Si-z-H{H NH---N(H)C%}, 181.4 pm
(0.11); Arg*-Si-z-H{OCO---HNH}, 180.8 pm (0.06); Arg-
SiMe-z-H{H NH---N(H)C*}, 188.0 (0.13); and Arg*-Si*-z-
H{OCO---HNH}, 179.6 (0.07). When these hydrogen-bonded
systems were compared to the corresponding non-hydrogen-
bonded molecule, the energy differences so derived were as
follows:

E[Arg-8i-z-N] - E[Arg-Si-z-H{H;NH-- N(H)C"}] 0.010470au  27.5 kl/mol
E[Arg""Si-z-N] - E[Arg""-8i-z-H {OCO-+HNH}] 0.007345au  19.3 ki/mol
E[Arg-8i"-z-N] - E[Arg-$i""-z-H{H,;NH- N(H)C*}] 0.008047au 211 kl/mol
E[Arg®-8i"2-N] - E[Arg™-$i"2-H{H,NH- N(H)C"}] 0.009293au 244 kJ/mol

Although these approximated hydrogen bond strengths are re-
markably similar (albeit including energy differences due to com-
parisons between open-chain and a cyclic molecules), the calcula-
ted energies are still considered weak*! hydrogen bonds.

Interestingly, the two hydrogen-bonded structures calculated
to exhibit two hydrogen bonds each, the B-sila-arginine, Arg-Si-
z-H{OCO:---HNC* + H,NH---N(H)C¢}, and the p-dimethylsila-
arginine, Arg-Siv-z-H{OCO---HNC*+H NH---N(H)C*}, are each
less stable than the hydrogen-bonded molecules listed above that
contain only one hydrogen bond, even though the {H,NH---N(H)
C¢} hydrogen bond appears in all four molecules. Apparently, this
inconsistency derives from the additional strain introduced when
both the a-carboxylate and the a-ammonium groups accept from
and donate to the (same) HNC* group, compared to the apparently
reduced strain when the only hydrogen bond originates through the
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a-carboxylate accepting a hydrogen bond from the HNC® group.

The properties of the remaining three B-sila-a-amino acids
with cationic or potentially-cationic side-chains are listed in Table
5 and the zwitterionic forms are illustrated in Fig. 7 (the B-sila-
cysteines and -tyrosines) and Fig. 8 (the B-sila-lysines). However,
the B-sila-cysteines were not all able to be optimized. Thus, the
B-sila-cysteines bearing a positive charge on the side-chain (Cys®'-
Si-u, Cys?'-Si-z, and Cys**-Si), and the analogous B-dimethylsila-
cysteines (Cys®*-SiMe-u, Cys*?'-Si¥e-z, and Cys*?*-Si™*) — i.e., all
those B-sila-cysteines containing the moiety ~SH,"” — could not
be optimized, strongly indicating that the B-sila-cysteines and the
B-dimethylsila-cysteines will not be protonated on the side-chains
of the molecules in aqueous solutions. (Cysteine itself appears un-
likely to be protonated* in a neutral aqueous solution such as is
simulated here.) In addition, no hydrogen-bonded B-sila-cysteines
were observed, even when the systems were calculated from initial
trial geometries favoring a structure containing a hydrogen bond.

For those [-sila- and B-dimethylsila-cysteines that were
able to be optimized, the Si—S bond lengths were in the range of
~214-218 pm. For sulfur, the tetrahedral covalent radius has been
determined* to be 104.2 pm, leading to the sum of the tetrahedral
covalent radii for Si—S bonds to be 221.8 pm. In silicon-sulfur

Cys-Si-z Cys-Si'-z Tyr-Si-z

Tyr*-Si-z Tyr-Si*-z Tyr-siVe-z

Figure 7. The -sila-a-amino acids derived from cysteine and tyrosine, and their
dimethylsila-analogs. Atom key: H, light gray; C, dark gray; N, blue; O, red; S,
yellow; Si, green.

Lys-Si-z-N Lys-Si-z-H{OCO--HN} Lys-Si-z-H{H,NH--N%} Lys™-Si-z-N

Lys™-Si-z-H{OCO--HNY} Lys-Si*'e-z-N Lys-Si*"®-2-H{OCO--HN‘} Lys-Si""®-z-H{H,NH--N%}

Lys™-sive-z-N Lys™-5i"e-2-H{OCO-HN'}

Figure 8. The B-sila-a-amino acids derived from lysine, and their dimethylsila-an-
alogs. Atom key: H, light gray; C, dark gray; N, blue; O, red; Si, green. The thin
dashed lines indicate the positions of the hydrogen bonds.

cluster” compounds, Si—S bonds range between 214 pm and 216
pm, while in Si(SCH,),, for example, the Si-S bond lengths in
the solid state® are 212.3 pm and 212.9 pm. Thus, bond lengths
suggest that Cys-Si-u, Cys-Si-z, Cys-Si-u, and Cys-Si¥-z
are realistic synthetic targets (although as was observed for the
B-sila-o-amino acids previously discussed, only the zwitterionic
forms were calculated to exist in aqueous solution). Further, the
calculated Mulliken bond orders for the Si—S bonds in these four
molecules are 1.22, 1.26, 1.46, and 1.62, respectively, indicating
that the Si—S bonds are expected to be strong.

None of the B-sila- or f-dimethylsila-cysteines, -lysines, or
-tyrosines exhibited Si—C bonds that approached or exceeded the
sum of the tetrahedral covalent bond radii for silicon and carbon
(194.9 pm). Further, the zwitterionic forms of the molecules
were again more stable than the uncharged forms and the charge
isomers were less stable than the zwitterionic molecules. While
the zwitterionic B-sila-tyrosines did optimize with both neutral and
cationic side-chains (the pK, of the side chain of the parent tyrosine
is ~10.1), no possibility for intramolecular hydrogen bonding was
observed for the B-sila- and B-dimethylsila-tyrosines due to the
geometric constraints of the arene ring.

Interestingly, two of the hydrogen-bonded B-sila-lysines, Lys-
Si-z-H{OCO---HN¢} and Lys-SiM-z-H{OCO---HN¢}, while opti-
mized successfully with hydrogen bonds, were calculated to be
less stable than the non-hydrogen-bonded open-chain molecules.
These two hydrogen-bonded molecules exhibited hydrogen bond
donation from the free, neutral amine group of the side-chain to
the a-carboxylate group. However, those hydrogen-bonded p-sila-
lysines in which the a-carboxylate group accepts a hydrogen bond
from the positively-charged ammonium group of the side-chain
or in which the a-ammonium group donates a hydrogen bond
to the neutral amine of the side-chain were more stable than the
corresponding open-chain molecules. The lowered stability of
Lys-Si-z-H{OCO---HN%} and Lys-Si™-z-H{OCO---HN%} with
respect to the non-hydrogen-bonded Lys-Si-z-N and Lys-SiMe-
z-N might, as was mentioned earlier, be due to the ring size in
the hydrogen bonded molecules. For Lys-Si-z-H{OCO---HN¢}
and Lys-Si™-z-H{OCO---HN¢}, the ring size is nine [-Si—C*-
C=0---H-N-C-C-C—] while in the hydrogen-bonded molecules
which were calculated to be more stable than non-hydrogen-bon-
ded open chain molecules, Lys-Si-z-H{H,NH---N¢} and Lys-Si*-
z-H{{H,NH---N¢ }, the ring size is eight [-Si-C*-N-H---N-C-
C—C-]. Cyclononane is reported”’ to exhibit a slightly higher ring

fMet-Si fMet-si™'®

Sec-Si-z Sec-Si"'*-z

Figure 9. The B-sila-a-amino acids derived from N-formylmethionine and seleno-
cysteine, and their dimethylsila-analogs. Atom key: H, light gray; C, dark gray; N,
blue; O, red; Si, green; S, yellow; Se, orange.



strain than does cyclodctane.

p-Sila-a-Amino Acids Derived from the Three Uncommon a-Amino
Acids

The structures and properties of the [-sila-derivatives of the
three uncommon oa-amino acids are detailed in Table 6 (B-sila-
N-formylmethionines, fMet-Si, and B-sila-selenocysteines, Sec-
Si) and Table 7 (B-sila-pyrrolysines, Pyl-Si); none of these three
B-sila-o-amino acids have been reported in the literature. The
zwitterionic forms of these molecules are illustrated in Fig. 9
(B-sila-N-formylmethionines and B-sila-selenocysteines), Fig. 10a
(B-sila-pyrrolysines), and Fig. 10b (B-dimethylsila-pyrrolysines).
Uniquely among the B-sila-a-amino acids, whether the nineteen
common or three uncommon, the B-sila-N-formylmethionines can-
not exist as a zwitterion in aqueous solution. These B-sila-a-amino
acids, however, can carry a negative charge on the a-carboxylic
acid group, but the N-formyl group is not protonated under aqueous
conditions. Also, note that the uncharged and anionic forms of the
B-sila-N-formylmethionines cannot be compared energetically be-
cause the uncharged form contains one hydrogen atom more than
is contained in the anionic form.

As was observed previously for some of the uncharged forms
of the B-sila-a-amino acids, the uncharged form of B-dimethylsila-
a-amino acids, the wuncharged form of B-dimethylsila-
N-formylmethionine, fMet-SiMe-u, was calculated to have a Si—C*
bond length of 194.3 pm (with a Mulliken bond order of 0.65).
Even though a direct comparison of this molecule to the negatively-
charged fMet°-SiM® (or between fMet-Si-u and fMet®-Si) is not

Pyl-Si-z-N PyI-Si-z-H{HzNH»«-NPV) Pyl-Si-z-H{OCO-HN} Pyl-Si-z-H{H,NH-0C}

Pyl™-Siz-H
{HaNH-0C + 0CO-HN"}

Pyl™Si-z-N PyI™-Si-z-H{OCO--HN™} Pyl™-Si-2-H{OCO-+HN}
Figure 10a. The B-sila-a-amino acids derived from pyrrolysine. Atom key: H,
light gray; C, dark gray; N, blue; O, red; Si, green. The thin dashed lines indicate

the positions of the hydrogen bonds.

PylSiezN PylSi"e-2-H{HNH--N"} Pyl-Si"e-2-H{0CO-HN} Pyl-Si"e-2-H{H;NH--OC}

Pyl™si"e2-N Pyl™-Si"e.2-H{OCO-HN™} pyl*si"e 2-H

{HaNH--0C + 0CO--HN™}

PyI™-5i"e.2-H{OCO-HN}

Figure 10b. The B-dimethylsila-a-amino acids derived from pyrrolysine. Atom
key: H, light gray; C, dark gray; N, blue; O, red; Si, green. The thin dashed lines
indicate the positions of the hydrogen bonds,
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possible because the molecules contain different numbers of atoms,
the negatively-charged forms are likely to be the forms to exist
in an aqueous solution. In addition, no intramolecular hydrogen-
bonded structures were observed for these molecules.

None of the zwitterionic molecules in Tables 6 or 7 were
calculated to exhibit unusually-long Si—C bonds. However, the
Si—Se distances in the B-sila- and B-dimethylsila-selenocysteines
deserve some discussion. As discussed earlier, the zwitterionic
B-sila- and B-dimethylsila-cysteines could not be optimized with
a cationic side-chain, and the same was calculated to be true for
the B-sila- and B-dimethylsila-selenocysteines. However, unlike
the zwitterionic B-sila- and B-dimethylsila-cysteines with a
neutral side-chain, which were calculated to exhibit Si—S bonds
consistently shorter than the sum of the tetrahedral covalent
radii for silicon and sulfur, the B-dimethylsila-selenocysteines
were calculated to have Si—Se distances greater than the sum of
the tetrahedral covalent radii** for silicon and selenium. These
molecules were able to be optimized despite the long Si—Se bonds.

In Sec-Si-z, the Si—Se bond length was calculated to be
230.3 pm, with a Mulliken bond order of 1.08; the sum of the
tetrahedral covalent radii** for silicon and selenium is 232.1 pm.
However, in Sec-SiM-z, the Si—Se bond length was calculated
to be 232.3 pm, with a Mulliken bond order of 0.91. While such
results were not observed with other B-sila- and -dimethylsila-a-
amino acids, steric hindrance from the methyl groups on silicon
may have caused the lengthening of the Si—Se bond. In B-sila-
and B-dimethylsila-cysteine, the Si—S bond was 2 pm longer in
the dimethyl analog, as was observed here (although the Si—S
bonds in B-sila- and B-dimethylsila-cysteine were significantly
stronger, with a Mulliken bond order of 1.26 in both cases). The
calculated bond length is only slightly longer than the maximum
calculated from the tetrahedral covalent radii in B-dimethylsila-
selenocysteine, and only slightly weaker than a “full” single bond.
Thus, while the B-sila- and B-dimethylsila-selenocysteines could
not be optimized with cationic side-chains, evidence suggests that
the molecules could be viable synthetic targets with a neutral side-
chain, despite the long Si—Se bond in the dimethyl analog.

The last of the f-sila-derivatives of the three uncommon
a-amino acids, B-sila-pyrrolysine, is a derivative of B-sila-lysine in
which a 3-methyl-1-pyrroline-2-carboxylic acid moiety has been
attached to lysine through an amide bond to the amine side-chain
of lysine (see Fig. 10a and 10b). None of the B-sila-pyrrolysines
have been reported in the literature. As free 1-pyrroline®® has a
pK, of 6.8, the B-sila-pyrrolysines needed to be investigated with
and without a cationic side-chain and, like lysine, also had the
potential for intramolecular hydrogen bonding: Hydrogen bonds
could potentially occur, when the side-chain is uncharged, bet-
ween the a-carboxylate and the amide hydrogen ({OCO---HN}),
and between the o-ammonium and either the amide carbonyl
({H,NH"--OC}) or the pyrroline nitrogen ({H,NH---N"}). When
the side-chain is positively-charged due to protonation at the pyr-
roline nitrogen, hydrogen bonds were investigated between the
a-carboxylate and the amide hydrogen ({OCO---HN}) or the hy-
drogen attached to the pyrroline nitrogen ({OCO---HN™}), and
between the a-ammonium and the amide carbonyl ({H,NH---OC}).
Each of these possibilities was investigated for both the parent and
dimethyl-substituted molecules.
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For the zwitterionic B-sila-pyrrolysines, the three hydrogen-
bonded systems were calculated to be more stable than the non-
hydrogen-bonded system; Pyl-Si-z-H{H,NH---N™} was the
most stable of these hydrogen-bonded systems, with an H--*N
distance of 184.3 pm and a Mulliken bond order of 0.03. Of the
zwitterionic B-sila-pyrrolysines with a protonated pyrroline side-
chain, again the three cyclic hydrogen-bonded systems were
calculated to be more stable than the open-chain non-hydrogen-
bonded molecule. For these systems, however, the most stable
hydrogen-bonded system was PyI**-Si-z-H{OCO---HN™}, again
with a hydrogen bond interaction with the pyrroline ring, but in
this case through the protonated nitrogen with a very short O---H
distance of 149.5 pm and a Mulliken bond order of 0.22. Although
not the most stable of the hydrogen-bonded systems, a side-chain
protonated molecule calculated to contain two hydrogen bonds,
Pyl*-Si-z-H{H NH---OC + OCO---HN™} was also a minimum;
no side-chain positively-charged molecule containing only the
{H,NH---OC} hydrogen bond, i.e., PyI**-Si-z-H{H,NH---OC},
could be identified.

For the zwitterionic B-dimethylsila-pyrrolysines, the three
analogous cyclic hydrogen-bonded systems were again calculated
to be more stable than the non-hydrogen-bonded system; Pyl-Si™-
z-H{H,NH---N™} was the most stable of these hydrogen-bonded
systems, with an H---N distance of 182.7 pm and a Mulliken bond
order of 0.04. Of the zwitterionic B-dimethylsila-pyrrolysines
with a protonated pyrroline side-chain, again the three cyclic
hydrogen-bonded systems were calculated to be more stable
than the open-chain non-hydrogen-bonded molecule. For these
systems, the most stable hydrogen-bonded system was PyI?*-SiMe-
z-H{OCO---HN™}, again with a hydrogen bond interaction with
the pyrroline ring, but in this case through the protonated nitrogen
with a very short O---H distance of 147.9 pm and a Mulliken bond
order of 0.22. Although not the most stable of the hydrogen-
bonded molecules, a side-chain protonated molecule calculated
to contain two hydrogen bonds, Pyl*-Si-z-H{H NH---OC +
OCO---HN™} was also a minimum with the dimethyl systems;
no side-chain positively-charged molecule containing only the
{H,NH---OC} hydrogen bond, i.e., PylI*-Si-z-H{H,NH---OC},
could be identified, just as was the case for the unmethylated
molecules.

Closing notes

A unique dipole moment is undefined for species which carry
a formal positive or negative charge* because the dipole moment
for such a molecule depends upon the location and orientation
of the charged molecule in space. However, some of the neutral
species described above were calculated to have unusually large
dipole moments. Such dipole moments generally appear in the
“charge isomer” molecules, and, for these molecules, eight
charge isomers were calculated to exhibit dipole moments in
excess of 30 p. These eight molecules (with dipole moments in
parentheses) were Argt*-Si (30.29 p), Argh*-SiM® (32.12 p), Lys®*-
Si (31.55 p), Lys**-Si™¢ (31.85 p), Tyr®-Si (42.01 p), Tyr?*-SiMe
(41.09 p), Pyl*-Si (56.38 p), and PyI**-SiM* (57.03 p). While
a-chymotrypsin has been reported to exhibit an experimentally-
measured permanent dipole moment™ of ~480 p(!), the values for
these eight charge isomer molecules (and, to a lesser extent, the

large dipole moments of other molecules calculated herein as well)
deserve some discussion.

The simplest explanation for these large dipole moments may
be through a correlation between the shortest distance from the
a-carboxylate group to the side-chain positively-charged group
and the magnitude of the dipole moment, as has been described®
elsewhere. As Chart 1 demonstrates, such a correlation appears to
be present with a high correlation.

These molecules are the charge isomer systems, and were
calculated to be less stable than their zwitterionic counterparts.
Thus, it is unlikely that such high dipole moment molecules would
be able to be synthesized, as the molecules would be expected
to convert to the corresponding zwitterionic molecule (at least
without the inclusion of substituents to sterically prevent such
conversions). However, the magnitude of the calculated dipole
moment appears to be directly related to the distance between the
positive and negative charges in these molecules.

The energies of the highest occupied molecular orbitals
(Homo) and of the lowest unoccupied molecular orbitals (Lumo),
and the energy separation between these energy levels, have been
reported for the PB-sila-a-amino acids discussed herein. Large
separations between these energy levels have been reported to
be related to the kinetic stability of fullerenes® and polycyclic
aromatic hydrocarbon®? systems. However, in the B-sila-o-amino
acids, the Lumo-HOMO separation values vary over a range of ~6.8
eV to ~9.2 eV, again lending credence to the viability of these
molecules, should appropriate synthetic methods be found. In
addition, the specific molecular orbital energies of the Lumo and
HOMO levels may allow these molecules to exhibit useful electron
donation (from the Homo to a good electron acceptor) or acceptance
(to the Lumo when that molecular orbital was calculated to exhibit
a negative electronic energy) with other molecules or surfaces. Of
course, such reactivity may also lead to decomposition pathways
for the molecules.

Conclusions

The B-sila-a-amino acids and their B-dimethylsila-analogs

Chart 1. The correlation between the calculated permanent dipole moment and
the charge separation between the a-carboxylate and the side-chain positive-
ly-charged groups of charge isomer molecules. The line has m = 0.0497 o/pm, b
=3.0382 b, and R?=0.9813.



have been calculated to be both stable molecules as uncharged
species containing an a-carboxylic acid and an a-amine, but, more
importantly, as zwitterionic species containing an a-carboxylate
group and an o-ammonium group in a simulated aqueous
solution. Some of these molecules are also calculated to exhibit
intramolecular hydrogen bonding. Thus, the incorporation of
silicon into o-amino acids may very well hold promise for,
potentially, the possibility of silicon-based life or, at a minimum,
an alternative to the amino acid life as currently understood.
Methylation at the silicon atom, while adding steric bulk to the
molecules, does not appear to appreciably alter the structures or
electronic properties of these molecules.

While beyond the scope of this report, calculations could
now be carried out with the same parameters as those described
herein to expand the potential for the incorporation of silicon
into proteins. Steps that could be taken include the investigation
of the structures and properties of dipeptides (or polypeptides)
containing some or all of the B-sila- or f-dimethylsila-a-amino
acids in concert with the parent, unaltered a-amino acids to further
compare their structures and properties. Initial tests could include
the comparison of dipeptides containing two a-amino acids with
dipeptides containing either one or two [B-sila-a-amino acids to
determine whether the dipeptides can be optimized and thus be
viable synthetic targets.
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