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We report the effects of the substituent and functional group on the tautomerization€6{X}=Y and
H.C(X)CH=Y (Y = SiH,, PH, S; X= H, CHs, NH,, OH, F) at the G2 level of theory. In the ¥ SiH,

series, the enol forms @@=CX—SiH;) are thermodynamically more stable than their counterparts, by ca
20—30 kcal/mol, regardless of their site of substitution. In the=YPH and S cases, the keto forms;(C-
(X)=PH, HCC(X)=S) are thermodynamically more stable than their counterparts.lB-c® kcal/mol for

the 1-substituted series, while for the 2-substituted series the enolization processes are either endothermic or
exothermic, with their relative energies near 0. Combining these results with those from the previous study,
the enolization is endothermic when the non-hydrogen atom in Y is more electronegative than a carbon atom
and is exothermic if the former is more electropositive than the latter. Substituents-@thating ability in

the 1-substituted series increase the relative energy whenPH and S, but they decrease it when=Y

SiH,. On the other hand, in the 2-substituted series, the relative energies decrease in the sequelidg H

> F > OH > NH,, which is the opposite order of the increasimglonating abilities of these substituents.

The barriers to enolization in this study range from 36 to 61 kcal/mol at the G2 level of theory. The effects
of the functional groups and substituents on the energy barriers are explained by interpreting Hammond’s
postulate in terms of the position of the transition structure along the reaction coordipatiefined by
Agmon, Pearson’s principle of hard and soft acids and bases, and Hammett's electron push/pull effect. By
Mulliken population analysis, the electronic charge of the migrating hydrogen atom becomes gradually negative,
which indicates the tautomeric interconversion is as &ntkansfer (or a hydride transfer). This is in contrast

with that of the analogous process that occurs for compounds of the second pero®(¥XH, and CH).

Introduction C=Si double bond.Maier® has used ab initio calculations to

T o h | h P investigate the reaction of silicon and methyl alcohol that
automerization that relates to the transfermoklectrons produces silenes ¢E€=SiHOH, HS—CHOH): Leigh has

!oetvveen a heteronuclear dquble bond and aC. Gouble bpnd studied the effect of substituents on the activity of theSi
is a very important process in organic chemistry and biochem- double bond: and Nagase et ®Gordon et al and Olbrich?

. T
istry. The most common examples are ol;" imine have calculated the energy barriers for silylesdene and

i i i 3 4
gnamme’-, oxime-nitroso; hydra.zcrazo,. and phenoketc? .. silylsilylene—disilene isomerizations. Phosphorus is ubiquitous
isomerizations. In many organic reactions, e.g., electrophilic ;

- . in our world, with diverse roles ranging from being a key
substitutions of carbonyl compounds, oxy-Cope, Conia, and element in the genetic blueprifito being an essential element
Carrol rearrangements, and retro Die/der reactions, eno- 9 P 9

lization processes are rate-determining steps. Erlenrﬁeyerg] agr:jqultl:re.hSpeﬁles he}:vmg ad douglesb'c\nlnd l:()éatvxéeen a
reported in 1881 that, upon their formation, vinyl alcohols -coordinate phosphorus atom and an ©, 5, N, or & atom are

rearrange to form aldehydes and ketones. Since then, varioud/ery important in organic and inorganic reactions. Neilson and

tautomerizations have been studied extensively both experi-AngewV ha.ve studied the .Iatter two of thgse speh‘ieﬁhg .
mentally and theoreticallyFewer studies, however, have been h_eteroatomlc _double bond in thes_e 2-cogr_d|nate phosphines is
carried out on tautomeric processes involving atoms of the third highly polar in nature; th.e partial p05|t!\{e charge on the
row of the periodic table (e.g., Si, P, and S). The central position PhOSPhorus atom makes it an electrophilic center. THe sp
of silicon in the periodic table, at the borderline between organic Nybridized phosphorus atom, however, also carries a lone pair
and inorganic chemistry on one hand and between metallic and®f €lectrons and exhibits nucleophilic character, which is
nonmetallic elements on the other, results in the manifold, and important for some metal complexation, addition, and cycload-
often unique, chemical behavior of its compounds. Although dition reactions. Sulfur is a common element in numerous
organic silicon reagents are very important in organic reactions, industrial, agricultural, and medicinal compouridghe com-

for example, trialkylsilyl groups are used commonly as protect- Pounds and chemistry of sulfur have been researched very

ing groups in the Synthesis @f_hydroperoxy carbony' com- eXtenSiVelyl.g Hall et al. have inVestigated the Dielglder
poundsg, there are re|ative|y fewer studies Concerning the reactions of thioaldehydes and thioketo&Sastro has studied

the reaction mechanisms and kinetics of thioketdAds has

* Author to whom correspondence may be addressed. E-mail: g8851143@ P€€n noted in the study of thiorenethiol tautomerization that
mail.nchu.edu.tw. thials and thiones havingi-hydrogen atoms can form the
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SCHEME 1 Computational Methods
(a) 1-substituted series Ab initio molecular orbital and density functional theory
H (DFT) calculations were carried out using Gaussian 98 packages.
H\ /Y o/ Y H\ /Y All of the geometric structures of the stationary points in the
~SC—C \C'zé —» = potential-energy surface were optimized at the HF/6-318**,
HY 4 \ / \x / \ MP2(full)/6-31G* (to be used for the G2 calculations), and
H X H H X B3LYP/6-31G** levels of theory. Calculations of the harmonic
keto form TS. enol form vibrational frequencies were performed to characterize the local
minima and saddle points and furnish the zero-point vibrational
(b) 2-substituted series energies. Calculations of intrinsic reaction coordinates (PRC)
i were performed at the HF/6-31G** level of theory to establish
H v H---;Y H Y ) o .
y H K ,/ \ / the conngctlon of the tranS|t|oQ structures and the corresponding
AN 7z N —
wC— c. —» Cc=—c¢C local minima along the reaction pathways. The natural bond
HY [ \ / \H / \ orbital (NBOY” technique was used to analyze the natural bond
X H X X H population, stabilization energy, and the quantity of charge
keto form T.S. enol form transfer. To examine the nature of the local charge flow"(H

or H~ transfer) within a species along the reaction path and,
thus, to identify the mode of hydrogen atom migration, we
applied IRC calculations to obtain the atomic charges from the
corresponding enethiols and that this process is greatly favoredmulliken population analysis (MPA) using the HF/6-31G**
relative to the enolization of carbonyl compounds. Thus, upon structures.

generating a thioketone, quite often a rapid transition occurs

from the thiocarbonyl tautomer into the enethiol form. This Results and Discussion

pl;ﬁ?:nn;?hr;ggé'lsatr:gigfg 1&%(1;%222;"&]%;%2panethlone’ Cylo-  gimilar trends exist between the geometries, relative energies,
P ) ' yciop ' . and energy barriers calculated at the various levels of theory in
Previously, we reported the results of our studies on sub- yhis siudy. Thus, unless otherwise stated, we report only the
stituent effects in 1- and 2-substituted kemoP? and 2-sub-  (asuits of calculations at the G2 level of theory.
stituted imine-enaminé® tautomerizations. Recently, we re- A. Geometric Structures. Figure 1 depicts the optimized
ported the effects of substituents and functional groups in the gictyres of the stationary points on the potential-energy surface
isomerizations of 1- and 2-substituted propenes, acetaldimines ¢ the parent thioketone structure &S, X = H) at the MP2-
and aldehyded: Our results at the G2 level of theory have (f,)/6-31G* level 2 All the local minima of the keto and enol
demonstrated the following features: (1) Among the SiX forms have eitherCs or C; symmetry, while the transition
tautomeric series investigated, the keto forms are thermo- gy ctures all have the san@ symmetry with the migrating
dynamically more stable than the enol forms, except for the pygrogen atom (H4) being somewhat out of the plane of the
1-substituted propenepropene (Y= CHy) series, inwhich the - c1-c2-v3 unit in a slightly distorted four-membered ring
enol and keto forms represent the same species, and for thesyycture.
2-substituted properepropene series, in which the enol forms g Relative Energies The relative energies of the enol forms
are lower in energy than the keto forms. (2) In the 1-substituted yjth respect to their keto forms are listed in Table 1 and
series,-donating substituents increase the relative energiesjystrated in Figure 2. These results indicate the following
(enol form vs keto form) by stabilizing the keto form over the  features: (1) In the Y= SiH, series, the enol forms ¢gg&=
enol form; the opposite is true in the 2-substituted series. (3) In cx—siH;) are thermodynamically more stable than their
both the 1- and 2-substituted series, the influence of the counterparts by c20—-30 kcal/mol E; < 0), regardless of the
functional group Y increases the energy barriers in the sequencesite of substitution. (2) In the 1-substituted series, the opposite
NHz < O < CHa. In the 2-substituted series, substitution by X s trye for Y= PH and S, where the keto forms are lower in
lowers the energy barrier, but conversely, in the 1-substituted gnergy by ca2—12 kcal/mol € > 0). (3) In the 2-substituted
series, the presence of the substituent lowers the energy barriegeries, the thermodynamic stabilities of the enol forms are higher
only when Y= CH,; when Y= NH and O, the energy barrier  than those of their counterparts for=y PH, except when X
increases in the order NH< CHz < H < OH < F. (4) The  H: in the Y = S series, the stabilities of the enol forms and the
CompUte_d_ relative energies increase upon increasing the elecketo forms depend on the electron-donating ability of the
tronegativity of the non-hydrogen atom in the functional group; sybstituents:r-donating substituents, such as Nkhd OH, are
a very good linear correlation exists between these two sets ofore stabilizing to the enol forms than to their counterparts. In

numbers. We predict that enolization is highly endothermic thjs series, the enolizations are either endothermic or exothermic,
when the non-hydrogen atom in the Y unit is more electro- jth relative energies almost near O.

negative than is a carbon atom and is exothermic if the former In Short’ the relative energies increase upon increasing the
is more electropositive than is the latter. electronegativity of the functional group and the effects of the
To add further weight to our forecast and to increase the substituents depend on the site of substitution. In the 1-substi-
completeness of our survey of the effects of functional groups tuted Y= PH and S series, the substituents are more stabilizing
and substituents on the relative energies and energy barriers irin the keto form, which results in an increase in their relative
tautomerization processes, we have extended, and now presengnergies, while the opposite is true for all of the 2-substituted
our studies on the corresponding series of compounds in theseries and the 1-substituted series wher BiH,.
third row of the periodic table (Scheme 1). We define the forms ~ B.1. The Effects of the Functional Groups.As we see in
CH—C=SiH,, CH—C=PH, and CH-C=S as keto forms and  Table 1, the correlation coefficieiR of the linear regression
their tautomeric counterparts,=€C—SiH;, C=C—PH,, and ranges from 0.8250 to 0.9359 for the six tautomeric series in
C=C—SH, as enol structures (forms). this study and from 0.9863 to 0.9996 for the analogous series

Y=SiH,,PH,S; X=H,CH;,NH,,O0H,F
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Transition Structure

keto form

Figure 1. The optimized structure of keto form, transition structure, and enol form fer 8, X = H at the MP2(full)/6-31G* level of theory.

TABLE 1: Relative Energies® (kcal/mol) and the Correlation in the keto form and the €€C double bond in the enol form,
Egg:gféin; rfﬁ)tﬁé Ile?eec?:o%gE]rgtlﬁ/tilt?/n(ggmilﬁg’g @ga%'g?\{ﬁe has a significant influence on the stabilities of the tautomers.
Non-Hydrogen Atoms in the Functional Groups at the G2 The magthde (.)f this influence, Wh.'gh IS expres;ed quantita-
Level of Theory tively in Table 2 in terms of the stabilization energis)(and
- - the quantity of charge transfer (QCT), is a consequence of the
b
XY SiHA1) P) SA) R SiH() PR) S@) R m-accepting abilities of the €Y and G=C double bonds.
(H:H *ig-g‘i %-gé i-gg 8-2%2&%?-22 02-5:"11 02-1526 8532510 In the case of Y= SiH,, the fact that silicon is more

s T ' : ' i : y electropositive than is carbon prohibits the formation of a

NH, —19.03 8.03 17.20 0.9359-29.87 —5.87 —5.26 0.8342 ectrop .
OH -2237 6.84 11.84 0.8915-26.98 —4.08 —2.36 08733  C’'=SP~ species so that the=€C double bond tends to

F —21.98 4.00 11.97 0.9289-22.26 —1.57 0.70 0.8698 withdraw more electron charge from the lone pair electrons in
the substituent group (L to the antibonding orbital of the
XIY CHo1) NHI) O(1) R CH(2) NH(2) O(2) R C=C double bond (E&C*). This situation results in the enol

H 0.00 4.22 11.90 0.9863 0.00 4.22 11.90 0.9863 forms being more stable than the keto forms. In the series Y
ﬁ:3 8-88 g-gg %ggg 8-33205:3-85 %-‘Ig g-gg 8-8823 PH and S, although the electronegativities of P &.and S

OH 000 1042 2391 0.9973-6.39 231 10.23 0.9996 (2.5) atoms are Iowgr than thdtaC atom (2.5), the resonance

F 000 1217 2665 09988-3.23 301 1203 09993 effect of the substltuents favors 'Fhe. keto forms. Since they

belong to the third row of the periodic table, P and S atoms

2 The relative energy of the enol form with respect to the keto form. p5ye large covalent radii that result in large bond lengths and

b The number in the bracket indicates the site of substitufiyata dipole moments for their €Y double bonds; this feature gives

from ref 24. P and S atoms the ability to accepelectrons fromr-donating
SCHEME 2 substituents through conjugation or negative conjugation. We
(* see from Table 2 that in the ¥ SiH, series the stabilization
H Y3 energies and QCTs of kP~ C=C* are greater than those of
H\ /Y3 \‘fc C/‘/ LPx — C=Si*; in contrast, in the series ¥ PH and S, the
\\\\«02_01\,‘-j < s 1\ . latter are greater than the former. The relative energies of the
H l x$ H L,X series of compounds in this study are apparently much lower
H than those of the corresponding series<YCH,, NH, and O)
keto form in our previous study. This phenomenon occurs because of the
bond-energy effect. The higher electronegativities of C, N, and
Ha NG O atoms (relative to Si, P, and S atoms, respectively) cause the
H\m Y3 H\ ~ /Y3 C=Y dquble bonds of the keto forms tq be stronger. (relatiye
02=c1/ - c;—c1 to C_=S|, C=P_, and C=_S bonds, respectively) and raise the!r
/ \’3 / \ . relative energies. Lacking the bond-energy effect, the relative
H Xe H L' X energy of the enol form with respect to the keto form in this
study is smaller than that calculated for compounds containing
enol form the second-row elements.

In the 2-substituted series, the substituents X are bonded to
of the second period (¥= CHp, NH, and O). Although the ~ C2, which is part of the &C double bond in the enol form,
values ofR are less than those calculated for the compounds of put in the keto form they are not attached to the double bond.
the second period elements, there is still a good linear correlationThe data obtained from the NBO calculations indicate that the
between the relative energies ogELC(X)=Y and the elec-  stabilization of the enol structure results from conjugation
tronegativity (Pauling scale) of the non-hydrogen atom in Y. (hyperconjugation for X= CHs) between the lone pair of
The combined correlation coefficierfesof the linear regression  electrons of the functional groups and substituent groups. The
range from 0.8008 to 0.8951. In both the 1- and 2-substituted keto form on the other hand is stabilized mainly by the negative
series, increasing the electronegativity of the non-hydrogen atomhyperconjugation effect between the functional groepYCand
in Y leads to an increase in the relative energy as a result of the C2-C1 and C*+H bonds (Scheme 3).
the bond energy and resonance effects of the polar heteroatomic Table 3 indicates that both the stabilization energy and the
double bond. QCT are larger in the enol form than they are in the keto

In the 1-substituted series, as indicated in Scheme 2, thecounterpart, which indicates that the delocalization effect favors
substituent X, which is bonded directly to the=¥ double bond the enol form. This situation results in the relative energy being



Substituent and Functional Group Effects J. Phys. Chem. A, Vol. 108, No. 10, 2004793

(@
100+ 1-substituted : 2-substituted
80 - E
: —=—H
oy —®—=IGH,
S A NH,
£ 40- —v—OH
g ——F
= E
= 204 ;
5 ] < H
; CH,
i ® NH,
[ —%— OH
-20 4 . F
-40 e Y T TS L WL U S I, S, T W R
CH, NH O SiH, PH S CH, NH O SiH, PH S
Functional Group (Y)
(b)
Lol 1-substituted 2-substituted
90 + ’ E.
80 - : —=—CH
| . —1 . T —@—NH
= =, >/1 » 4= ‘>_—_—::'_"_‘f: —A&—O
1] 3o : 3 + ** |—v-sH,
= 504 o T : — e BN o —a
e " _m e T — ¢ PH
-_E - g : '\. o «—5
3 30_ - . El’
3 20 :’H‘*""'r : CH
) 10 4 A el * . & NH
LIC.I 1 ‘—_:. /-/‘_-_-_ - _:_:‘__‘__*_ 8- .__—. * _O
2 ; o—3—"2 |—®—SiH,
e : ——PH
204 o—e—e__ Poe a —S
304 : N
i I H T e PR ; b S ST T, FIL LT R | LI |
H CH, NH, OH F H CH, NH, OH F
Substituent (X)

Figure 2. The effects of the functional groups (a) and substituents (b) on the energy barriers of the “enolization” and the relative energies of the
enol form with respect to the keto form at G2 level of theory.

TABLE 2: Stabilization Energies and QCT of LpX — C=Y* in the Keto Forms and LpX — C=C* in the Enol Forms of
Compounds in the 1-Substituted Series

keto form enol form
SiH, PH S Sik PH S

XY Es QCT Es QCT Es QCT Es QCT Es QCT Es QCT

H 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000

CHs 5.75 0.008 15.74 0.027 18.14 0.032 12.14 0.018 12.61 0.019 13.44 0.020
NH, 3.32 0.004 94.47 0.300 116.26 0.375 36.02 0.081 35.03 0.076 29.03 0.053
OH 28.44 0.063 70.79 0.168 80.51 0.199 47.76 0.096 48.66 0.097 51.26 0.103
F 20.92 0.032 45.74 0.088 56.91 0.112 34.29 0.058 35.42 0.059 37.38 0.062

either negative or almost near zero, which is very different from elements of the second row in the periodic table. In the latter
the corresponding results obtained for the compounds featuringseries, although the delocalization effects are more stabilizing
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TABLE 3: Stabilization Energies and QCT of the Local Minima (Keto and Enol Forms) in the 2-Substituted Series

Enol Form
S PH Sik
LPx—C=C* LPy—C=C* sum LR—C=C* LPy—C=C* sum LR—C=C* LPy—C=C* sum
XY E QCT E QCT E QCT E QCT E QCT E QCT E QCT E QCT E QCT
H 0.00 0.000 31.99 0.079 31.99 0.079 0.00 0.000 12,50 0.021 1250 0.021 0.00 0.000 4.22 0.007 4.22 0.007
CH; 13.18 0.020 29.28 0.070 42.46 0.090 13.80 0.021 11.92 0.020 25.72 0.040 14.18 0.021 4.08 0.007 18.26 0.028
NH, 17.54 0.022 30.27 0.073 47.81 0.080 47.87 0.114 9.73 0.015 57.60 0.129 57.30 0.131 3.78 0.006 61.08 0.137
OH 54.93 0.109 10.03 0.014 64.96 0.124 42.66 0.092 10.14 0.016 52.80 0.108 50.60 0.103 3.93 0.007 54.53 0.110
F 36.12 0.060 28.82 0.070 64.94 0.130 38.22 0.063 10.76 0.004 48.98 0.068 39.80 0.066 4.12 0.007 43.92 0.073
Keto Form
S PH Sik
LPy—C—C* LPy—C—H* sum LR—C—H* LPy—C—C* sum LR—C—C* LPy—C—H* sum

XY E OQCT E OQCT E QCT E QCT E OQCT E QCT E QCT E QCT E QCT
H 16.76 0.025 13.49 0.020 30.25 0.045 O 0 6.78 0.008 6.78 0.008 2.63 0.003 1.64 0.002 4.27 0.005
CH; 16.54 0.025 13.69 0.020 30.23 0.045 O 0 6.88 0.008 6.88 0.008 2.61 0.003 1.68 0.002 4.29 0.005
NH, 16.76 0.026 13.49 0.020 30.25 0.045 O 0 7.06 0.008 7.06 0.008 2.54 0.003 1.75 0.002 4.29 0.005
OH 17.09 0.027 13.28 0.019 30.37 0.046 O 0 7.11 0.008 7.11 0.008 2.51 0.003 1.73 0.002 4.24 0.005
F 17.33 0.027 13.54 0.020 30.87 0.047 O 0 7.21 0.008 7.21 0.008 2.49 0.003 1.77 0.002 4.26 0.005
SCHEME 3 with respect to the keto form) when ¥ PH and S, but they

H . H H v decrease the relative energy if=¥ SiH,. On the other hand, in
H Y Y 3 i i i i -

2, y H, 1 3 H,q the 2-substituted series, the relative energies decrease in the

""cz- Cl/ <_>""C2_C/ //"'Cz—C/l// sequence H> CH; > F > OH > NH,, which is the oppo-

X/ 0 q " - site order as the increasing-donating abilities of these

negative hyperconjugation of keto form

substituents.

In the 1-substituted series, thedonating substituents stabilize
the enol forms and decrease the relative energy whenSiH,,
but the abatement of the relative energy is not proportional to

H Y, H Y;H H //Y3 H the 7z-donating ability of the substituents. Because of its low
Comrn CreC c,—Cf electronegativity, the Si atom in the=Si double bond prefers
/ "N\ ~ yaun AN carrying a positive charge; electron-withdrawing substituents
X H H X H decrease the relative energy by stabilizing the keto tautomers.

conjugation of enol form

in the enol form than they are in the keto congener, the=C1
Y3 bond energy of the keto form is 2B0%° kcal/mol larger
than that of the C£C2 bond in the enol form. This result
demonstrates that the effect of the bond energy, which favors
the keto form, is more dominant than the effect of delocalization.

The linear correlation coefficientR] between the relative
energies and the group electronegativities (Pauling scale) of the
substituents is 0.8175. Both electron-donating and electron-
withdrawing abilities of substituents cause the effects of the
substituent on the relative energies to follow the sequence OH
< F < CH3 < NH, < H. When Y= PH, the substituents donate
mores electrons to the €Y double bond in the keto tautomers
than to the &C double bond in their counterparts, and this

Compared with the C, N, and O atoms, the corresponding atc)msphenomenon causes the relative energies to increase in the order

in this study, Si, P, and S, have smaller electronegativities, larger
valence radii, and more d character in the Y atom of thkeYC

double bond. These characteristics cause the bond-energy:
property, which favors the keto form, to take a lesser role relative .

to the effect of delocalization. As Table 1 displays, the tautomers
in the enol form are lower in energy than their counterparts,
except for the series where ¥ PH, X=Hand Y=S, X =
H, CHs, and F.

By combination of the results of our two studies, the effect
of functional group &Y on lowering relative energies increases
in the sequence & S < NH < PH < CH, < SiH; for the

H < CHz < F < OH < NH,, which is also the sequence of
their -electron-donating character. For the case 6f 5, the
atom delocalizes more of its lone pair of electrons to the highly
lectronegative F atom than to the OH substituent, which results
in the effects of the substituents on the relative energies to follow
the order H< CH3; < OH < F < NHa.

In the 2-substituted series, the substituents stabilize the enol
forms over the keto forms by delocalizing theelectrons of
the G=C double bonds. The magnitude of the influence that
the substituents exert on the stabilization energy and QCT
follows the order H< CHz < F < OH < NH,, which, again,

1-substituted series, but in the 2-substituted series, they are in'S the sequence of their-donating ability. This effect leads

the order O< NH < S < PH < CH, < SiH,. From these

the relative energies being in the ordeHCH3 > F > OH >

observations, we suggest that the tautomers having enol formsNH2.

become gradually more stable than their counterparts upon

C. Energy Barrier. Table 4 lists, and Figure 2 illustrates,

increasing the atomic number of the element Y, of the same the energy barriers calculated for converting the keto forms to

group in the periodic table, because of decreases in the strength¢he enol forms via intramolecular 1,3 hydrogen-atom shifts for

of the C=Y double bonds. the six tautomeric processes. The barriers to enolization, ranging
B.2. The Effects of the SubstituentsTable 1 and Figure 2  from 36 to 61 kcal/mol, are rather high but are considerably

exhibit that substituents having-donating ability in the lower than those computed for their analogues with second row
1-substituted series increase the relative energy (the enol formatoms.
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TABLE 4: Energy Barriers and Values of ny Calculated at the G2 Level of Theory
Si(1p P(1) S(1) Si(2) P(2) S(2)
XY Ea nr Ea nr Ea nr Ea N Ea nr Ea nr

H 53.11 0.4167 60.87 0.4961 58.11 0.5157 53.11 0.4167 60.87 0.4962 58.11 0.5157
CHs 51.83 0.4114 60.13 0.4975 57.04 0.5242 49.19 0.4006 57.86 0.4289 56.50 0.5062
NH> 44.26 0.4171 58.17 0.5252 56.66 0.5893 36.31 0.3561 49.27 0.4289 52.15 0.5053
OH 47.19 0.3917 60.79 0.5118 57.08 0.5494 39.71 0.3745 50.27 0.4289 53.09 0.4986
F 50.57 0.4018 60.96 0.4989 61.29 0.5449 43.47 0.3938 52.89 0.4289 55.34 0.5148

a2 The number in the parentheses indicates the site of substitution.

Since the structure of a transition state reflects, in part, that tautomeric counterpart. This phenomenon leads to relatively
of the reactants and products, analyzing the character of ahigher energies for the transition structures, which results in
transition structure is conducive to understanding the trends thathigher barriers to enolization than are found in the=YPH
result in variations in energy barriers. The Hammond postillate and S series. In the 2-substituted series, with BiH,, results
is a useful tool for relating a transition structure to the structure are obtained as they were for the 1-substituted series. The values
of its reactants and products. It follows from Hammond's of ny are below 0.5 for the ¥= PH series, with the exception
statement that there are three possible situations in a potential-of X = H, and above 0.5 for the ¥ S series, with the exception
energy surface. The first defines a highly exothermic step having of X = NH, and OH, which are the most strongtydonating
a low energy barrier; the transition state will resemble the substituents. Because the relative energies in these two series
reactant structurally for they are close in energy and, therefore, are almost near 0, which suggests the third case described above
are interconverted through only a small structural change. This for the Hammond postulate{ ~ 0.5), the transition states are
phenomenon implies only a small displacement along the much higher in energy than either the reactants or the products,
reaction coordinate toward the product. The second case definesind the barriers to enolization are higher than that#3SiH,
an endothermic step in which the energy of the transition state series.

is closer to that of product, and so is the structure. The third ¢ 1. The Effects of the Functional GroupsIn our previous
case characterizes a process in which the transition state is mucly,qy, for a given substituent, the energy barries for converting
higher in energy than either the reactant or the product; in this the keto form to the enol form, with respect to the functional
situation, neither the reactant nor the product is similar in groups G=Y, follow the order CH > O > NH for both the
structure to the transition state. By comparison of our present1_snq 2-substituted series. In this present study, however, the
study with our earlier one, and noting that since the=\GiH, energy barriers increase in the sequence Sit$ < PH (except

and Y = CH, series are highly exothermic with the liberation ha¢ in the 2-substituted series the order is.SiHPH < S when
of heat in the former being ca0 kcal/mol higher than the latter, — y — NH,, OH, and F). Thus, the trends in the energy barriers

the energy barriers of the latter are lower than those of the , gngjization in these two studies are different. In the following

former. In the highly endothermic cases, namely, the 1-substi- goction we explain this observation by MPA and Pearson’s
tuted Y= S and Y= O series, the absorptions of heat in the principle of hard and soft acids and bases (HSAB).

former are less than those of the latter by t@ kcal/mol, so .
the energy barriers to enolization of the latter are lower than d Cl:t l\/tIPA. 'I_'het_rate (;I)f thed1,3 ST;F of a hydr??r(:&om
those of the former. The relative energies of the 1-substituted uring tautomerizations cepends on the energy o .

bond of the migrating hydrogen atom (H4) and the pulling and

¥ = PH series are similar to those of the 1-substituteety pushing ability of the C%#Y3 functional group. Furthermore
NH series, and it is true that the energy barriers follow the same the “pull and push” effect of the G2Y3 bond hinges on the

trends. These observations imply that the tautomerizations, L . .
. o : lectronegativity of the non-hydrogen atom in Y (tevith-
hich h | electronegat arogen
which are a competition between a homoatomied-double drawing ability) and ther-donating ability of the &Y double

bond and a hetroatomic=€Y double bond, are in accord with bond. Figure 3 illustrates profiles of the trends in the change of

the Hammond postulate. the ch |  at in th lecule by MPA in IRC
The Hammond postulate can be interpreted quantitatively in € charges on relevant aloms In the molecu'e by 33 In
calculations. Here, we discuss the results only forX.3° As

terms of the position of the transition structure along the reaction A )
we see in Figure 3a, the electronic charge of the non-hydrogen

coordinates, defined by Agmof¥ atom in Y (Si and P) is positive while that of C1 is negative in
1 the series Y= SiH, and PH. In this series ¥ S, although the
Ny = 2—( AGY AG*) electronic charge of S3 is negative, it is positive relative to that
of C1. This interpretation is in agreement with the relevant
whereAG® is the difference in Gibbs free energy between the experimental report on thioketorféand the theoretical calcula-
enol and keto forms and\G* is the Gibbs free energy of tions on thioformaldehyd&e:35 The greater the decrease in
activation for converting the keto form into the enol form. The electronegativity of the non-hydrogen atom in Y relative to that
magnitude ofny values, which are indicative of the degree of of C1, the greater is the delocalization of theelectron in
similarity between the transition structure and the product, are C=Y to C°~=Y°%; in the meantime, the electronic charge of
0, 0.5, and 1 for the reactant (the keto form), transition state, the migrating hydrogen atom becomes gradually negative. We
and product (the enol form), respectively. Table 4 lists the denote this tautomeric interconversion of the migrating hydrogen
computed values afr for the six tautomeric processes examined atom with partial negative charge as ad Hransfer (or a
in this study. In the 1-substituted series, the valuesioére hydride transfer). On the other hand, Figure 3b displays that in
below 0.5 for Y= SiH,. This result means that the transition our previous study the mode of hydrogen atom migration is
structures resemble the keto forms, and thus, there is a lowerthat of a partial buildup of positive charge, withP'G=Y?~,
barrier to enolization in the ¥= SiH, series. The values ofr, which we call an M" transfer (or proton transfer) when the
however, are greater than 0.5 when=YPH and S, and so the  non-hydrogen atom in Y is C, N, and O. In the case éf H
late transition structure resembles the enol form more than its transfer, the lower electronegativity of the non-hydrogen atom
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Figure 3. Profiles of the charge of the main atoms at the HF/6-31G** level of theory. (a) Data from this studySi¥,, PH, S; X= H); H°~
transfer. (b) Data from ref 24 (¥= CH,, PH, O; X= H); H** transfer. The keto form, transition structure, and enol form are on the left-hand side,
in the center, and on the right-hand side of the reaction coordinate, respectively.

CHART 1
@ Acid (b) Base
e-acceptor e-donator
Base 1 i Acid 1 |
e-donor Base 2 e-acceptor Acid 2
H'-acceptor G4 e-donor H"-donor g 1\ e-acceptor
H H'-acceptor H H"-donor

in Y causes €Y to have a @ =Y%7 structure, and acts as an  concept of chemical hardness and softness, the hardness of atoms
electron acceptor to accept the negatively charged migratingincreases in the order C (5.8) O (6.1) < N (7.3)3" HT () is
hydrogen atom (H4) and, therefore, reduces the energy barrier.a very hard acid. As presented in Chart 1a for the transition
In contrast, in the case of transfer, the higher electrone-  structure in the K"-transfer series, the migrating hydrogen atom
gativity of the non-hydrogen atom in Y decreases the energy having partial positive charge is a local acid and the atoms C2
barrier. Because the smallest electronegativity in the series isand Y3 having partial negative charge are local bases. Since a
that of the Si atom (1.8 on the Pauling scale), the energy barrierhard acid prefers a hard base (i.e., the HSAB principle), the
of the Y = Si compound is the lowest in the studieéHransfer trend in increasing the competition for the acid between these
processes, but for the®H transfer processes, in which the C  two basic sites occurs in the sequence © < N. This situation
atom has the smallest electronegativity of the series, the energyresults in the energy barriers to enolization £ compounds
barrier is the highest. decreasing in the opposite order: £B O > NH. Chart 4b
C.1.2. Pearson’s Principle of Hard and Soft Acids and depicts the transition structure for thé Htransfer series in this
Bases®® As mentioned in the preceding section, polarizability study. The hardness of the non-hydrogen atom in Y increases
is a fundamental atomic characteristic, which is closely related in the order Si (3.4)< S (4.1) < P (4.9); the softness (L
to electronegativity, that describes the response of an atom’sincreases in the inverse order. The hardness of the hydride ion
electrons to nearby charges. Here, another important atomic(H™) is low (7 = 6.8) because of its low electronegativity; in
property closely related to electronegativity is “hardnesg” ( other words, it is a soft base. Again, according to the HSAB
Highly electronegative atoms tend to be hard, and less elec-principle, soft bases prefer soft acids, with the ability of the Y
tronegative atoms are relatively softer. According to Pearson’s group accepting the migrating hydride ion increasing in the order
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CHART 2 withdrawing F atom draws electron density toward the C2 atom
O O of the C2-C1 bond through an electron-induction effect. This
A, 5+ A, 5+ henomenon increases the electronegativity of C2 and inhibits
Hy SeH_ Y H, SH Y H H 3+ p g y
8_\0 _6’7// ® | "_/7// s \C;&; /)Y:’ H4 from migrating with partial negative charge, which is a
o+ //2 1\ 65— ?ZD 01\\ / > Ci situation that, therefore, raises the energy barrier of the process.
X 5+ 8— X In this series, the correlation coefficidRof the linear regression
Y=SiH,, PH, S Y=SiH, Y=PH, X=F is very small, 0.5874, but it improves to 0.9924 when the

strongly electron-withdrawing F atom is excluded.
(a) (b) (c)

Conclusion
P < S < Si. In contrast, the order of the decreasing energy
barrier is PH> S > SiH,.

C.2. The Effects of the SubstituentsThe results obtained
from G2 calculations (Table 4) indicate that in the 1-substituted
series all the substituents we studied lower the energy barriers
when Y = SiHy; in the cases Y= PH and Y= S, with the
exception of X= F, the substituents also lower the energy
barriers. All substituents we studied in the 2-substituted series
lower the energy barriers. The energy barriers of the “enoliza-

tion” when Y = SiH, in the 1-substituted series and for the su?zs)tl_}};]tgog.om uted relative energies (enol form vs keto form)
various functional groups in 2-substituted series all follow the . P 9

following sequence for X: H- CHs > F > OH > NHa. As increase upon increasing the eIgctronegaﬂvny of the functional
. : roup. There is a very good linear correlation between the
noted above, the effect of the substituent has greater impact org oY . 7 .

" relative energies and the electronegativity (Pauling scale) of the
the enol form than on the keto form, and the transition structures non-hvdrogen atom in the functional aroup. The enolization is
all have some enol content. Therefore, the substituents thathi hi yend%thermic when the non-h %ro %n atom in Y (e
stabilize the enol form over the keto form also stabilize the 9" ydrog 9.

" .~ an O atom) is more electronegative than is a carbon atom and
transition structure and, therefore, they lower the energy barrier. is exothermic if the former (e.g., a Si atom) is more electro-
As already indicated in the previous discussion, the ability of ositive than is the latter Thégéﬁects of the Y aroup in the
the substituents to stabilize the enol form increases in the orderp_ . . . : group
H < CHs < F < OH < NH_, which is also the sequence of the C=Y unit on relative energies are Sk CHp < PH < NH =

s o , . - _S<0andSiH < CH, < PH < S < NH < O for the 1- and
lowering energy barriers. In the 1-substituted tautomeric series >-substituted series. respectivel
with Y = PH, substitution by the electron-withdrawing F atom, » esp /ey . .
which pulls electron density from the €244 bond, leads to a (3) The effects of the substituent X on the relative energies

higher energy barrier, and hence, the order of the energy barriers" the 1-substituted series areHNH, > CHz > F > OH (¥

with respect to X is N| < CHz < OH < H < F. = SiHp), H < CHs < F_< OH = NHa (Y = PH), and H= CHs
. . . < OH < F < NH; (Y = S), while in the 2-substituted series,
We have examined the correlation between the energy barrlerthe order is H> CH > E > OH > NH, for all the functional
and the resonance effect of the substituent using the empirical 3 2

equation groups. - - .
(4) MPA indicates that the tautomeric interconversions

proceed through an# (hydride) transfer for the series ¥
SiH,, PH, and S; in the cases where=YCH,, NH, and O, an

) ] ) H%* (proton) transfer takes place.

where AG* is the energy barrier andr is the Hammett (5) We have found that both the Hammond postulate and
substituent resonance parameter. A very good linear correlationpggrson's principle of hard and soft acids and bases are operative
exists between the energy barriers and resonance effect of thgn these tautomeric processes.

substitu.ents. The correlation coefficienR)( of the Iinear (6) The barriers to enolization, which range from 36 to 61
regression ranges from 0.9739 to 0.9940 for the 1-substitutedycal/mol, are rather high but are considerably lower than those
series when Y= SiH; and all cases in the 2-substituted series computed for their analogues with second-row atoms. The effect
(1-substituted series for ¥ SiHy, 0.9793; 2-substituted series  that the Y unit of the functional group=€Y has on increasing
for Y = SiH,, 0.9940; for Y= PH, 0.9739; for Y= S, 0.9867).  the energy barriers occurs in the sequence,SiHS < PH,

As we see in Chart 2a for the 2-substituted series in which the except for the 2-substituted series, in which the order is, SiH
substituent X is bonded to C2, electron-donating substituents, < pH < S when X= NH,, OH, and F.

such as NH, OH, F, and CH, tend to increase the electron (7) The effects of the substituents X on energy barriers depend
density of the C2-H4 bond and favor the transfer of a partially  on the site of substitution, with the trends following the order
negatively charged H4 atom to the partially positively charged p > cH, > F > OH > NH, (Y = SiH,) and F> H > OH >
non-hydrogen atom in Y, which is a situation that, therefore, CHs > NH, (Y = PH and Y= S) in the 1-substituted series,
decreases the energy barrier. Chart 2b illustrates that for thegand H> CH,; > F > OH > NH, for all the functional groups
1-substituted series having ¥ SiH,, in which the substituent in the 2-substituted cases.

X'is bonded to C1, electron-donating substituents donate electron (8) There is a very good linear correlation between the energy
density to both the C&Si double bond through conjugation,  parriers and the Hammett substituent resonance paramegrs (
which is detrimental to Fi~ transfer, and to C1 through negative \ynen considering that the correlation coeffici&ranges from

conjugation, which decreases the electronegativity of C1 and g 9739 to 0.9940 for the case when=YSiH, in the 1-substituted
assists H4 in leaving with negative charge. Because of the low geries and for all cases in the 2-substituted series.

electronegativity of Si, the latter dominates the former and a
lower energy barrier ensues. Chart 2c indicates that, for the Acknowledgment. We gratefully acknowledge the continued
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