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expression that a for the difference between bromination of alkenes in protic and
aprotic solvents. We o o found that bromination of adamantylidencadamantane should

occur spontancously in the gas phase as well as in some solvents with no reaction barrier.

We have for d at for third row elements the BC6-31G basis set which is widely
used as a 6-31G basis sct in most of the commercial quantum chemistry packages doces
not meet the definition of the standard 6-31G basis set. A comparative study of the
performance of the standard 6-31G and Binning-Curtiss (BC6-31G) basis sets for third
row clements. Ga. Ge, As. Se. and Br. was carried out. Frequencies and thermodynamic
values obtained by usit - the  adard 6-31G basis set are better than those obtained using
the BC6-31G basis set when compared to experiment and G3IMP2. We recommend that

the standard 6-31G basis set be used for calculations involving 3" row clements.

The kinetic isc Hpe effects (KIEs). a major experimental tool to determine the
transition state (TS) st cture. e been used to characterize the transition state structure
of ' § 7 reactions. Chlorine | ‘ing group k¥ nucleophile carbon k''/k™ and
sccondary w-deuter [(KivKpy)] kinetic isotope effects (KIkEs) have been calculated for
the Sy2 reactions veen para-substituted benzyl chlorides and cyanide ion and
compared to the experimental results to determine whether these 1sotope effects can be
used to determine the substituent ctfect on the structure of the transition state. 1t was
found that both lear g group and nucleophile K11 vary with the 'T'S structure. However,

a correct and measurable  ibstituent effect on leaving group Kllis will only be found for



a very reactant-l ¢ or for a very product-like TS, The substituent effect on nucleophile
KIks will only be found when the Nu-C,, bond formation in the TS 1s well advanced i.c..

in a product-like 2 TS,

Nucleophile carbon Kk and secondary a-deuterium (k) ’kp),] Kinctic isotope
effects (K1lss)y were also caleulated Tor the S§2 reactions between tetrabutylammonium
cyanide and ethyl iodide, bromide, chloride and tosylate and compared to the
experimental results to determine whether these isotope effects can be used to determine
the structure of 1 (2 transition states. The results showed that the nucleophile carbon
k"KM KIlis can I to determine the transition state structure in ditferent reactions
and the results suggest that char 'ng to a poorer leaving group leads to a tighter transition
state. The magnitude of the experimental sccondary a-deuterium KIE is related to the
nucleophile - lcaving group distance in the Sy2 transition state (Rys) for reactions with a
halogen leaving gror  However, the calculated and experimental a-deuterium KIks

show opposite trends with leavii  group ability.

In conclusion, t  results of my doctoral research have greatly increased our

knowledge of the 1 chanisms, transition state structures and the thermodynamic

. - . . st d i
propertics of reactions  volvit 17, 2" and 3" row clements.
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Scheme 6.1 A poss mechanism for the reaction forming the largest side

product fr 1 the reaction between tetrabutylammonium cyanide and

para-nitrc nzyl chloride in THTE at 20°C.
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The first two terms in equation (11) describe the kinetic energy of the electrons and
nuclei, respectively. The th  term represents the attractive electrostatic interaction
between the nuclei the electrons (Coulomb attraction). The last two terms represent

the repulsive pote | due to the electron-electron and nucleus-nucleus interaction,
respectively. Vi2 a V arethel lacian operators resulting from tl  differentiation

with respect to the coordina  of the electron and nucleus, respectively. Z4 and Zp are

the nuclear charge of nucleus A and B, respectively and the distances between the

particles are denoted byrij=|ri J;,riA=|ri-RA| and R,,=R,R,|.

1.2.6 Born-Opg el er Approximation

Because the m s of the nuclei are several orders of magnitude greater than that
of an electron, they move mi 1 slowly and can be considered stationary and separable
while computing the electr ¢ energies. This is the basis of the famous Born-
Oppenheimer approxin ion.”” Therefore, the Schrodinger equation can be written in

terms of the electronic Hamili  an operator as

A

\Pelec =E lPclec (12)

2lec elec

where the electronic Hamiltonian is the reduced form of the complete Hamiltonian given

in Eq. (11),

R 1 v M N N 1 R R .
Hclec:_: _. Z—A_+ZZ;=Tc+Vne+Vec (13)

14













C and € are the 10l 1l orbital coefficients and orbital energies (eigenvalues),
respectively. The equation is ' | by the Self-Consistent-Field (SCF) procedure which
is an iterative process starting with the initial guess of the molecular orbital coefficients C
which are used to construct : Fock matrix, F. Roothaan’s equation is then solved for
new MO coefficien which can then be used to determine a new Fock matrix. This

process is repeated until the . bck matrix converges to a desired accuracy.

In general, is fu ions, ¢ ’s, are a linear combination of Gaussian Type

Functions (GTF),

N

0,=2,d.g(a,) (26)
=1

where N; is typica /, 1 to 6; d, is a contraction coefficient; and g:(ar) is a Gaussian

primitive function, with ex a1entd_, of a given type t(s,p,d,...). The Gaussian type
orbitals or functions have the :neral form,

a0 N(X-A)(Y-A)™(Z-A,) exp(a,ri) (27)
where, (X, Y, Z) a coordin s of the electrons; (Ax, Ay, A7) are nuclear coordinates
(origin of Gaussian); N; is a normalization factor; and a, is the Gaussian exponent. r,f‘ IS

represented as,

r;=(X-A, )’ HY-A, )’ HZ-A,) (28)
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C---H- -A
Early TS

..zaction Coordinate

Figu 2 O of ky/kp in an exothermic reaction (early TS)
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Late TS
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D -

I tion Coordinate

Figure 1.3 Origin of ky/kp in an endothermic reaction (late TS)
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Figure 1 1 of large ku/kp in a thermoneutral reaction (symmetric TS)
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CHAPTER 2

Computational Study of the Reactions of SiH;X

(X I, Cl, Br, I) with HCN

2.1 Introduct

In recent years. silanes (Silly) and halosilanes (SiH;X) have drawn considerable
attention because o rimp  nce inthe semiconductor, glass, and pol  erindustries.
The physical and chemical propertics of most silyl compounds are quite different from those
of their methyl analogues. A ough silicon and carbon are isovalent, silicon can have co-
ordinations grcater ar Hur. Silicon also interacts with the n-bonds of elements in groups V',
VI, and VI Unlike ca i, silicon does not favor formation of multiple bonds. Silane and

halosilanes can react  th + all molecules. such as NIL" and 11LO.” to form various













frequency in the transition states. The complete reaction pathways for all the mechantsms
discussed in this paper ¢ been verified using intrinsic reaction coordinate (1IRC) analysis
for all transition states. Structures at the last IRC points have been optimized to positively
identify the reactant a 1 product to which cach transition state i1s connected. Heats of
formation (Al ly) ot CN.  ILNC, SilLCICN, SilLBrON, SHLICN, SHHCL StHBr and
SiHI were calculated us 1 computed enthalpies of reaction and available experimental heats

of formation (All)).

2.3 Results an Discussions
The results for 2 reactions of Sil[;X (X — 11, CL, Br, I) with 1ICN are given in
Tables 2.1-2.10 an  the heats of formation of some cnergetically stable compounds are

presented in Table 2,11,

2.3.1 Activation ¢ es nd free energies of activation for the reaction of

SiH;X with HCN
The results for ti wction of SHELX (X HL CL Br. Dwith HON will - - discussed in
tl - following order: 1) 11X elimination, 2) 11> elimination, and 3) reactic  of [ICN with

SitlX dissoctation prod .

2.3.1.1 Reaction of S ;X and HCON (Pathway A):

Pathway A consists of X el nation reaction followed by isomerization of the
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265.5.261.1.and 256.C  mol ™', respectively.

The SHLONHX product can isomerize to form SilENC-HX. The transition state
structure (182 is a th  -membered ring, consisting of C. N and Sill;. The vibrational
analysis shows the Si-N bond shortening and Si-C bond lengthening and vice versa. The
activation energy (AL, 152™) for the isomerization reaction is low compared to the elimination
reaction and can | ceed to form the SilLiNCTIX complex. The barriers (Al oY) for
isomerization of' Si  CN/HIX to SIILNC/HX are 113.1,121.2. and 119.7 kJ mol at G3IMP?2
level for X 11, Cland rand 129.1 kJ mol™ at B3LYP/6-3 1G(d.p) for X 1. The G3MDP2
and G3B3 barriers by only 4.0 and 4.7 kJ mol™ for X = I and CI. respectively. The
G3MP2 values @ o found to be close to those obtained at B3LYP/6-31G(d.p) and ditier
by no more than 9.¢  } mol™ for HX climination (X - 11) and 10.6 kJ mol™ for isomerization

(X -Ch.

2.3.1.2 Reaction of SiH;X a1 HCN (H; climination);
There are four poss e pathways for the 11, elimination reaction:
SithX + HON - SitLXCN ¢ 1, X ILCLBrandl
The four pathways arce designated as pathway B1 (one-step) and pathways B2, 133 and B4
(multiple-steps). Pathways B2, B3, and B4. all Iead to intermediate 11", which proceeds to
product via pathway B*  actants. intermediates. transition states, and products involved in

the H; elimination react 1of - T CTHwith HCN are shown in Figures 2.3 and 2.4, Similar
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thermodynamics for some of the reactions change significantly with the change of bromine

basis set. For HE - elimination. the enthalpies and free energies of reaction differ by 17-24 K

mol ™ at 11E. MP2 and YP level of theory with a change of bromine basis set. Similarly
for SillBr + H, — Sill,-  Br enthalpics and frec energics of reaction differ by 18-20 Kk

mol at [IF, MP2 and  LYP level of theory. In all cases. the results with the standard 6-

31G(d) bromine basis ¢ closer to the G3MP2 results.

Most barriers were lowere oy the addition of p-polarization functions to hvdrogen. due
to the involvement of hydrog 1 atoms in the transition states. but this had little effect on
thermodynamic values. There was little to no effect on the barriers in which hydrogen atoms
were not directly involved in the transition states. such as AL, oY (Table 2.1) and _\li;,_m“'

(Table 2.2).

2.3.4 Exploring ¢ s of Formation (AHy):

No experimental or  oretical heats of tormation (Ally) have been reported for Sil LCN
and SilENC. Part of this is d  to the ditficulty of carrying out such an experiment. In this
study, the enthalpies of t - tic  for reactions between Sit; X and HCN have been obtained.
From this data. itis poss  »to calculate heats of formation for Sil[;CNL SitHENC, SitLCICN,
SilLBrON, Sil-ICN, Si L S1HCL SilIBr, and Silll ata high level of theory. The Ally values

obtained in this study are givenin Table 2.11. I'rom the G3IMP2 enthalpy of reaction of Sil 1,

N
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B3LYP/6-31G( p) 260.1 264.6 130.8 127.9
(267.0) (264.8) (124.0) (121.6)
G3MP2 201.1 275.9 119.7 1171
(271.2) (283.5) (120.1) (121.7)
| MP2/6-31G(d) 302.8 320.4 140.4 139.2
MP2/6-31G(d. p) 297.3 301.1 139.1 137.7
B3LYP/6-> 5(d) 259.7 2893 1293 121.6
B3LYP/6-31G(d. p) 256.0 275.0 129.1 128.9
The values in purcnlhhcscs are caleulated B:\'En?th?l%iﬁning-i‘iﬁ‘lﬁ@ﬁﬁnin‘lrcibusis set

from reference 39.

“Mechanistic pa way and barriers as defined in Figures 2.1 and 2.2, respectively.
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G3B3 124 116.9 135.0
Sill + H>— Sill, +HI

[T/6-31G(d) =2 157.6 183.3
MP2/6-31G(d) L2 138.5 160.1
B3LYP/6-31G(« 8.7 102.6 121.6

The values in parentheses are calculated by using Binning-Curtiss bromine basis set from
reference 39,
“The values obtained from reference 23,

68




TABLE 2.5: Activati

reaction of SilIX

Level/Basis Set

en es, enthalpies and

CI, Br, 1) with HCN (in

AGH

L AlF

Sill; + HCN = Sil[;CN

HEF/6-31G(d) 1555 1., 168.3
MP2/6-31G(d) 53.3 45.0 63.4
B3LYP/6-31G(d) 343 26.1 45.7
G3MP2 24.8 18.0 308
G3B3 293 227 12,6
S + HHCN - SiH,BrCN

HE/6-31G(d) STU3 209.8 2356
(215.9)  (204.5)  (229.8)

MP2/6-31G(d) 1294 1184 140.0
2500 (114.0)  (135.6)

B3LYP/6-31G(d)  1( 98.8 1213
(1L ) (93.7)  (115.5)

G3MP2 84.2 110.5
(83.8)  (109.6)

The values in parent|
reference 39.

calculated b_; using Bii
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free energies of activation for the

kJ mol™) at 298.15K (Figure 2.10).

AE,

AHY AGH

SILICL + TICN — Sil1-CICN

2222 210.8 235.9
131.8 120.9 141.9
109.7 98.8 121.4
92.4 86.0 111.6
96.3 90.2 112.9
Sitll + HCN — Sil,ICN

216.0 2044 230.6
122.0 111.0 132.8
107.0 95.8 118.2

ining-Curtiss bromine basis set from




TABLE 2.6: Therm ic properties for the reaction of SiH;X (X = H, ClL, Br, 1)

with HCN (in kJ "' 20 15K (HX elimination reaction).

Level/Basis Set AE AH AG AE AH AG
Silfy 4 TICN— Sil LCN L SiHCHHCN =St LONHHCT

HE/6-31G(d) 24 -13.2 -6.0 63.6 56.8 574
HIE/6-31G(d. p) -5.5 -16.0 -8.9 323 45.7 46.3
MP2/6-31G(d) o4 -37.5 -30.8 60.1 54.6 54.8
MP2/6-31G(d. p) -23.6 -32.7 -26.0 45.5 40.2 404
B3LYP/6-31G(d) -15.5 -24.3 -17.5 35.8 49.7 30.2
B3LYP/6-31G(d. p) -15.5 -24.4 -17.4 47.6 41.6 421
G3MP2 -35.8 -32.9 -26.2 44.4 46.3 40.5
G3B3 -33.3 -30.5 -23.7 43.8 45.6 45.9
45.2¢

H +ICN—-Sil;CN +HHBr SitLGIHHCN—-SiHCN +HI

HEF/6-31G(d) 58.2 50.1 50.6 53.1 43.5 441
(82.0) (73.5) (73.9)
HE/6-31G(d, p) 510 43.3 43.9 46.8 37.6 38.2
(71.0) (63.2) (63.6)
MP2/6-31G(d) 58 51.8 51.9 54.9 46.7 47.0
(79.6) (72.6) (72.6)
MP2/6-31G(d. p) 49.5 43.1 433 47.7 39.7 40.0
I (62.1) (622
B3LYP/6-31G(d) 50.7 43.0 44.1 45.8 37.6 38.2
" n (64.6) (64.9)
B3LYP/6-31G(d. p) 46.2 39.3 39.8 41.9 33.9 34.6
(63 (36.8) {57.2)
G3IMP2 42.0 43.6 43.8
4) (42.0) (42.1)
29.6" 20.8*
The values in parer ieses are caleulated by using Binning-Curtiss bromine basis set from
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reference 39,

“The valueis ¢ ulated  om Al I of SITLCL HCN, SilCN and 1 givenin Table 211,
" The value is calcula om Ally of SiHBr, ITCN. SiH;CN and 1Br given in Table 2.11.
“The value is calcula om Al of Sill31, HHCN, Sill;CN and 111 givenin Table 2.11.
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reference 39,
“The values obi

ned from reference 30,




TABLE 2.8: Thermod: am  properties for the reaction of SiHX (X = CI, Br, I) with

HCN (H; elimination  tion) (in kJ mol') at 298.15K.

Level/Basis Set AR AH AG
B o © SILCTFHON S SHLCICN ¢+ Hy o
1/6-31G(d) 7.5 1.6 0.3
HE/6-31G(d, p) 4.4 7.4 24
MP2/6-31G(d) 247 -34.9 2305
MP2/6-31Gi(d. p) -19.8 299 255
B3LYP/6-31G(d) -10.3 203 158
B3LYP/6-31G(d. ) 10,4 203 -15.7
G3MP2 344 -30.5 263
G3B3 320 282 3.8
Sill;Br + [HCN— SitLBrON + 11,
HF/6-31G(d) 9.3 2.8 2.2
(6.4) (-5.8) (-1.0)
HE/6-31G(d. p) 6.3 55 0.5
(3.4) (-8.5) (-3.6)
MP2/6-31G(d) 232 -33.3 289
(-25.2) (-35.5) (-31.3)
MP2/6-31G(d. p) -18.4 8.4 240
(-20.3) (-30.5) (-26.2)
B3LYP/6-31G(d) 8.9 “18.9 143
(-11.9) (-22.0) (-17.6)
B3LYP/6-31G(d, p) 9.0 -18.8 143
(-11.9) (-21.8) (-17.5)
G3IMP2 338 298 255
(-33.9) (-29.9) (-23.0)

S+ HON — SIHHLICN + 1,
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HF/6-31G(d) 10.8 -1.1 38

HI/6-31G(d. p) 7.9 -3.7 1.2
MP2/6-31G(d) -22.0 =321 -27.7
MP2'6-31G(d. p) -17.2 -27.2 228
B3LYP/6-31G(d) -8.0 -17.8 -13.2
B3LYP/6-31G(d, p) -7.9 -17.6 -13.1
“The values in} ses are Ldldﬂdlld?\ L—ISEEH{Hngml}ss‘ﬁl'olﬁ}{lgbalsﬁ set from

reference 39.
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S I+1H— Sill+ HI

HE/6-31G(d) 0 96.5 92.7
MP2/6-31G(d) 1. 4 136.5 132.7
B3LYP/6-31G(d) 122.9 120.8 117.2
" The values in ) 1 oesesare: « ated 6\ —l&;;g?m;i@-L'UI’ITSST’EO?%ITIFDLISIS set from

reference 39,
“"The value is obtain mr rence 23.
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TABLE 2.10: The

with HCN (in kJ mol

Level/Basis Set

HE/6-31G(d)
MP2/6-31G(d)
B3LYP/6-31G(d)
G3IMP2

G3B3

HEF/6-31G(d)
MP2/6-31G(d)
B3LYP/6-31G(d)

G3MP2

‘namic properties for the reaction of SIHX (X = H, CI, Br, 1)

The values in parent
reference 39.

;2 15K
AE All AG AE AH AG
Sill; + HCN — SiliCN SiHHCL + HON — SilLCICN
-261.1 -2533 2097 0 -218.0 0 -213.5 -169.4
- ) 2717 22860 -231.20 L2259 41825
-265.0 2574 214200 -209.8 0 -205.2 -161.6
-2585.7 0 -260.9 2182 -2109 0 2149 -171.7
020 26250 21950 21380 2178 -174.5
SiliBr 4+ T[ICN — Sil LBrCN StHI + TICN — SitLICN
2111 -2069  -162.8  -2052 2013 -157.2
(T17.1)y (-212.8) (-168.8)
- 3 2194 -175.9 0 -218.7 2140 -1706
(-228.5) (-223.4)  (-180.1)
-202.5 0 -198.2 0 -1547 0 -1959 0 -192.0  -148.5
(-208.5) (-204.2) (-160.7)
-231.3 0 -235.1 -192.0
(-231.5)  (-235.2) (-192.2)
. e culated by using Binnin_g-(‘urtiss bromine basis st from
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TABLE 2.11: He: 'm: n (AHy) (in kJ mol™') at 298.15K.

I :ntal Present work Present work’

Siy 3, 358 SilLON 1335 (1340
[ICN 131.67° SilI;NC 150.8

Sill;Cl 135 -136.74 SitLCICN 344

1Cl 92.21¢ 9114 SiH,BrCN 23.7

Sill;Br 278 -78.0* Sill-ICN 102.4

1Br -36.2° -36.5¢ SillCl 18.7

Sillsl 22,09+ 2¢ SitlBr 127.1

Hl 25 Sitll 179.8

SiH, 27384 2" 2628

“See text for explan

b Reterence 42: ¢ Ref I Reference 45:¢ Reference 46,47 Reference 43:% Reference
47:" Reference 48.

" The valuc in parentheses is obtained by using the heat of reaction of Sill;Cl1 + TION—
SiH;CN + T1CHand expe nen Al of SUTL;CL FICN and HCL.

""The value is obtained by usit  the heat of reaction of Silly + IHCN— Sill,CN + [1, and
AIT(SiIHCN)Y - 134.6 kJ mol™.

*“I'he values are obtained by usii  the heatofreaction of SITLX # TTCN- = SilLCN + TIX (X
= Cl and Br) and expenimental AH; values for StI; X, HCN and 11X and the calculated
AIT(SIHLCN) = 133.5 Tmol™,

" The value is obtained by s the heat of reaction of Silly — Sill; + 11, and the
experimental Allyvalue for Sill,.
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CHAPTER 3

New insig  ir ) the bromination reaction for a

series ¢ lk_nes - A computational study

3. 1 Introduct 1

- . .. . . . . [
Ihe clectrophi - addition of Bry to alkenes is a well known organic reaction. ™ [he

rcaction mechanism has been  (tensively studied experimentally and the generally aceepted
. . 2.7 . . .
reaction scheme ¢« of several steps.”™" Studies of this reaction go back to as carly as

- . ,. 8. . . . .
1937 from the work of Roberts and Kimball.” Their work suggested the existence ofacyclic
bromonium ion interm  ate. which was shown in the late 1960s using NMR, by Olah and
Q.10 . . .
co-workers.”"" to ¢ actual reactive species. However. there was no structural evidence

for the existence ofac ic bromonium ron because the reaction is too tast. There have been

many experimental npts by a variety of techniques to contirm the occurrence of eyvelie
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. . . . . . . . . 1-14
bromonium ions in the gas phase, including photoionization,'" ion cyclotron resonance.'"

radiolytic technique.'” and conventional mass spectrometry. ' Although some experiments
suggest the formation of a bromonium ion, no conclusive evidence could be provided for its
actual structure. Strating et al."™® first produced a bromonium ion tribromide in the lab by
reacting adamantyhids Jamantane (Ad- Ad) with Brs in CCly. Slebocka-Filk et al. " for the
first time obtained the  ray structure of adamantylidencadamantane bromonium ion with a
Br;” counterion. In s ca  because back-side attack by Br is sterically hindered,
bromination stops the adamanty lidencadamantane  bromonium ion. (E)-2.2.5.5-
Tetramethyl-3 . 4-diphenylhex-3-cne is the first reported example of an olefin whose
interaction with  bromine is limited to 7 complex formation.™  Similarly.
tetrancopentylethylene “es not react with bromine in CCly and on the basis of the 'C NMR
spectrum there is no evidence of formation of a n complex.”’ Thus the reactivity of olefins
toward bromine depen sont cirsteric hindrance. A study of the product of bromination of
ethene in dichlorocthane by '11 and "I NMR spectra indicates that the addition gives trans-

ki

I.2-dibromocthane. ** Chretien et al.* studied the selectivity of’alkene bromination by using
stereo-. regio-. and ¢I 10- selectivity, [t is believed 1 the electrophilic bromination of
alkenes follows a mechani  that s three successive steps: (1) fast-equilibrated formation
of an olefin-bromine ¢t se-transfer complex. (1) rate-limiting ionization of this T complex
into a ¢ complex. the so-called bromonium 1on. and finally. (i11) fast product formation by

nucleophilic trapping of the ionic intermediate. *°

()]
















2962 o 2.906 A. " ¢ IRC analysis confirmed that TS" leads to R* and 1o the
bromonium/bromide ion complex. I, However. optimization of I failed for both the gas
phase and in CCl, for all alkenes investigated. However, an optimized structure for I was
obtained in 1,0 solution. The activation energies for the reaction of Br> with cthene.
propene.  isobutene,  fluorocthene.  chloroethene,  (19)-1.2-difluorocthene,  (1)-1.2-
dichlorocthene in pathway A are listed in Table 3.1, In all cases, the activation energics
(AI‘?HAI»S“\). frec cni (AG* ™) and enthalpics (Al {:H"\) of activation are relatively high.
Activation  energies  range  from 2549  to 2685 kJ  mol' at  the
MP2/G3MP2large//MP2 ULL)/6-31G(d) level of theory. This pathway does not lead to

. . . 22 ~ .
trans-1, 2-dibromoalk > which is known™ to be the product of most simple alkenes.

3.3.1.2 Sidewise : a  of Br; to C=C: Pathway B

The structures for pathway B are shown in Fig > 3.2 for the reaction of ethene and
Bro. Similar struct es  : also observed for the reaction of Bra with propene. isobutene,
fluorocthenc and chloroethene. The relative energies of reactants, intermediates, transition
states, and products are shown in Iigure 3.3. Activation cnergies, free energies and
enthalpies of activation for the reaction of Bra with cthene, propene. isobutene, fluorocthene
and chloroethene are  “ven in Table 3.2, In addition to the previously reported CTC. R . a
second alkene/Brs ¢« ¢ (R®y was found. FFor the cthene/Br» and propene/Br; complexes.
the perpendicular con ¢ is more stable by 9.0 and 12.8 kJ mol™ at the G3MP2B3 level.

respectively. Unlike po way AL with few exceptions, the structures exist at all levels of
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The IRC analysis cc d that TS1” leads to R2 and 11", Intermediate 117 is converted to
intermediate 12% via'l ', v hanactivation energy of 180.2 k) mol™ at the GIMP2133 level
of theory. The transition state (1S2") structure consists of two bond ruptures (Br-Brand -
B3r) and one bond formation (C-Br). The last step. 12 — I is the same as for pathway €
(Figures 3.5 and 3.6). A similar mechanism is found in CCly solution for this reaction. The
solvent model used in this study predicts that the free encrgy of activation for this pathway
would be reduced in C . For the rate-determining step, AG? is lowered by 9.4 and 15.4 k)

mol” at the M 2/6-31 G(d) and B3LYP/6-31G(d) levels. respectively.

3.3.2.3 Pathway E:

The geome es for t reactants. intermediates, transition states. and products
involved in pathway E are  Hwn in Figure 3.9. The relative energies of reactants,
intermediates. transition  ates, and products for pathway L2 are shown in IFigure 3.10. The
activation energies, frecene s of activation and enthalpies of activation are given in Table
3.6. Pathway 2 invol' 1 perpendicular attack by one Br, and a sidewise attack by the other
Bra (TS1") which leads to intermediate 11" (Figure 3.9). 11" can lead o product P through
two difterent channels ( and 2). The first step of pathway 15 and the first step of channel |
arc only obtained at the HF level of theory. However, the activation energies for the first step
of this pathway arc extremely high (-, 0.0 and 315.6 kJ mol™ at the HF/6-31G(d) and
MP2/GIMP2large//LIF/6-31Gie levels of theory, respectively). The results are simply

presented here for con  leteness.

102










3.3.3 Summary of /erall reaction mechanisms investigated:

The most il y n hanism for the reaction ol alkenes with one Bry s pathway B.
The activation energies of the rate-determining step of pathway B for the reaction with
cthene, propene. isobutence. flouroethene. chlorocthene. (E)-1.2-difluorocthene and (1)-1.2-
dichlorocthene are 247.3.200.4, 189.3.224.2.206.1.220.1 and 217.1 kJ mol'. respectively
at MP2/BC6-31G(d)  vel of theory. while the barriers for pathway A are 256.4, 249.8,
244.8,247.6, 244 2434 and 249.3 kJ mol”'. respectively. For the reaction of 2Br, with
cthene. pathways C an D have almost the same barrier for the rate-determining step with
G3MP2B3 activation energ 5 of 207.3 and 204.4 kJ mol”, respectively. Pathway [ is
predicted to have h" "1 activation energy (315.6 kJ mol™ at MP2/G3MP2large//H17/6-
31G(d)). The most likely me anism for the reaction of ethene with 2Br; is pathway FF with

an overall barrier of 122.7 kI mol™ at G3MP2B3. By Comparison of the most likely pathway

for the rcaction withonc 1 (;  way B) and most likely pathway for the reaction with two
Br> (pathway F). bromination  ould be mediated via 2Br; where the second Br; assists in the
ionization of the rc  ant con to form a bromonium/Br;” ion pair.

3.3.4 Comparison with xpe [

A general kinetie equation for the addition of bromine to alkenes is given as.”
-d[Bra)/dt = WIA] F ka[BraP[A] + k3 [Bri]|A] (1
where [A] = [alkene].

}t N . N . . . .
Modro ct al.™ found that in the absen  of bromide ion and at low bromine concentrations
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([Bra] <10? M) in C OOH, equation 1 reduces to the form
-d[Bra )/ [Bra A (2)

and under the same ¢ litions in CCLI-CCLI a third-order rate dependence was found
d[Br)/dt kiBr][A] (3)

The free energies of activation in CH;COOH and in CCLI-CCLLH were calculated
from the experimental™  ite constants obtained by equations 2 and 3. Iquation 2 was also
used by Dubois and Mouvier® to determine the rate constant for the bromination of ethene in
CH;OI1 These experin al {ree ene “es of activation are given in Table 3.8. To compare
our findings to exper . four solvents with increasing polarity were chosen namely CCly,
CHyCla, CHLCL-CHLCland CH;OLL The calculated overall [ree energics of activation for the
most likely pathway way ) inthe reaction of ethene with 2Br, in CCly. C11,Cl,, CHACI-
CHLCl and CIL;OIT are also given in Table 3.8. It has been found that the overall free
energies of activation  :crease with the increase of polarity of the solvent. The experimental
values are also known' to decrease with the polarity of solvent. Although the experimental
free energies in CH;CC L CCLH-CCLLI and CIHOIT were obtained from two different
conditions, they also show « ing free ene  “es with increasing polarity from ClH;COOI
to CH;OH (Table 3.8). " calculated free energy of activation for the reaction of ethene
with 2Br: in CILCL is in excellent agreement with the experimental value obtained in
CCLH-CCLIL.d erit by only 1.8 k) mol™ at B3LYP/BC6-3 1Gd). In this case. the two
solvents, CI1LCls anc LI-CCLIH have almost identical dielectric constants with values of

8.93 and 8.2, respectively. S ilarly, the calculated activation energy in CHLCL-CHLCT(52.7
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where X can be Bryora I

Both cases lead to the e

When [X] = [Br,],

When [X] = [S],

where, [S] = solvent.

Therefore for [X] = |

For [X]=[S],

~

k[S]

yt

™ol

BrX+/4 =R3

R3—pP
1t molecule.

: expression [See Appendix D],

’IP_ _ k1k2k3

a "k, [41[Br,]1X]

dr (k,k2k3

_ 2
R J[A][Brz]

dP | kk,k,
E = [']I][S][A][B"z]

2

k. .. e
2 Jk " reaction is third-order.

]k3 and the reaction is second-order.

4)

&)

Assuming( h J =1 mol™, on the basis of the agreement between the calculated

-17-2
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However, lor pathway I, which is the likely pathway for the reaction of 2Br, with ethene,
both MP2 and B3LYP  ce well with the G3 results. Activation encergics caleulated using
the standard 6-31G(d) bromine basis set differ by no more than 16.8 kJ mol™ (1115, pathway
(') compared to the BC6-31G(d) basis set results and the differences decrease from HE to
MP2 and B3LYP levels of theory. There was little to no effect on the barriers by the addition
of diffuse functions when con  ared to GG3 theories. Lven use of the G3MP2large basis set

docs not improve the b iers.

FFor thermodynamics. the G3IMP2 and G3MP2B3 theories differ by no more than 3k
mol™" for reaction enthalp  +and free energies (AG for Cll- CH; + Bro — CH:Br-CH:Br)
The G3 theories are also in excellent agreement with experiment, except in the case of
CHCI-CHCI + Br, — 1Br-CHCIBr. where B3LYP/BC6-31G(d) difters by only 3 klJ
mol™'. where as G3N {(BC) difters by 22 kJ mol™ from experiment™. In comparison to
MP2, thermodynamic values  “cu  ed using B3LYP provide reaction enthalpies and tree
energies that are consistently m better agreement with GG3 values. Thermodynamic values
caleulated using the standard 6-31G(d) bromine basis set differ by no more than 8.1 kJ mol™
(B3P86. CH;-ClHL=ClHl v+ 5 CH-CHEBr-CH; Br) compared to the Bmning-Curtiss 6-
31G(d) basis set results.  Hwever, the reaction enthalpies and free energies difter
signiticantly when diffuse tunctions are added to the two basis sets. For example. the
enthalpy for CH-ClL- C - +Br —» CLL-CHBr-CHE Brcaleulated at the B3LYP 6-3 11 Ged)

and BALYP/BC  1+Go  levels of theory differs by 32.1 kJ mol™.

111










bromination reactions xnes in CCly predict mechanisms similar to that obtained in the
gas phase. However. the solvent model predicts a lowering of free energies of activation for
the rate-determining steps of all the reactions in CCly solution. The overall free energy of
activation obtained fro- the  ost likely pathway (pathway Fyinvolving 2Bry is in excellent
agreement with experit 1t for the reaction in non polar aprotic solvents. I'or polar protic
solvents. the calculated activation energies obtained from the reaction with a single Br;
mediated by a solvent molecule arce in excellent agreement with experiment. The calculated
free energics of activati  decrcase with the polarity of solvents, which is in agreement with
the experimental observations (Table 3.8). All of the reactions are found to be exothermic

and exergonic for the ft nation of  :» trans-1.2-dibromoalkane product.
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MP2/6-31G(d) 226.1
MP2/BC6-31G(d) 2433
MP2(FULL) 6-31G(d) 228.0
MP2/G3MP2large 254.9
IMP2(FULL)6-31G(d)
MP2/6-31G(d) 232.6
MP2 BC6-31G(d) 2493
MP2(FULL)/6-31G(d) 2344
MP2/G3IMP2large 256.1
UMPURLY63IG

“Barrier as defined i tre 3.1,

(I

by } . .
lhe products arc all in trans conformation.
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2314 242.8
2229 22501
9-CHCl CHCL + Br,

226.5 2294
241.2 246.0
226.5 231.2
















TABLE 3.3: Acti' i« iergies, free energies and enthalpies of activation (kJ mol™”) at

298.15K for the reacti 1 of <)-CHF=CHF and (E)-CHCI=CHC1 with Br; (Pathway

B).“**
HE C6-3 (d) MP2/BCO-31G(d)  B3LYr1sCo-31G(d)  G3IMP2B3(BC)
(E)-CHE- CHIE + Bry — CHFBr-CHEFBr S
AE, 15" 331.8 220.1 197.3 286.4
AG 1" 344.5 231.2 206.1 296.0
AH? 15" 328.2 217.5 193.5 283.4
AE, 152" - 53.5 9.6 69.0
AGH 1" - 55.8 10.0 71.9
AH? P - 50.6 55 67.3
AE, 153" 30.4 29.8 25.7 25.8
AG*H 3" 31.2 30.5 26.7 29.4
AH? 1 i3® 27.6 26.9 22.7 23.6
AE, 14" 35.4 35.6 27.8 30.7
AGT ygs® 38.5 40.0 31.0 342
AH? o ® 33.1 32.9 25.3 8.4
(1)-CHCT CHCL+ Bry — CHCIBr-CHCIBr

AE, 1" 357.1 217.1 215.8 233.8
AGH " 371.8 231.8 2033 242.7
AH? 15" 353.0 2148 211.8 230.9
AE, 152" 16.5 80.6 42.4 91.9
AGH 5" 16.6 78.7 40.1 921
AH? 4" 13.9 77.7 38.9 90).8
AE, 1" 28.9 31.4 24.1 27.9
AGH " 33.0 33.4 26.6 32.0
AH? 5" 27.0 29.2 22.0 25.6
AE, 1ss® 59.6 59.0 50.3 50.8
AG rgs® 62.9 62.3 53.7 54.7
AH o 570 56.7 475 48.5
“Mechanistic p';x;l;\\'uy as Figure 3.4,

" (=) indicates missing values due to failure to optimize the transition state.
“ The products are all intr 5 conformation.

























G3MP2B3(BC) -92.2 -47.8 -94.4
Experimental 272 4°

1€ products are all  trans conformation.
" The PCM-United Atom (UAO) model was  sed for optimized structures. In all cases AG = AAG (thermal correction) +
AGsolv.
“ The values are obtained from reference 48.
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CHAPTER 4

e addition reaction of
adamantylic = 2adamantane with Br, and 2Br, - A

Computational Study

4.1 Introductio

Bromination of  kenes is a well-known organic reaction.'™ Experimentally. the
reaction mechanism is considered o have several steps, depending on the alkene and the
solvent used.”™ A brominc/a  :ne charge-transfer complex (CTC) and the bromonium ion
have been considered to be the main intermediates in the bromination of alkenes. The
existence ol a cyclic bromonium ion intermediate was first proposed by Roberts and

Kimball." However, no structural evidence of the occurrence of a ¢yelic bromonium ton was
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theory. The free energy barrier in going from the CTC to the TS was found to be 250.8 kJ

. .
mol™ in the gas  hase and 34.2 KJ mol™ in water.

Recently.” we have imvestigated the bromination reaction for a series of simple
alkenes, namely. cthene.  ropene, isobutene,  flourocthene.  chlorocthene,  (1)-1.2-
ditluoroethene and (19)-1.2-dichloroethene. Tt was found that Br> can react with alkenes via
two different mechanisms. One involves a perpendicular attack by Bro to € C bond by a one-
step pathway producing the bromonium’bromide ion pair intermediate. The second
mechantsm consists of sidewise attack by Bra (o the C~C bond producing first the
bromonium/bromide ior airintermediate which then produces the trans-1.2-dibromoalkane
via multiple-steps. Ethene can react with 2Bry via several mechanisms all leading to the
trans-1.2-dibromocthane  roduct. It was found that in this case the bromination reaction in
gas phase and innon-po  aprotic solvents was mediated by the second bromine molecule.
‘The most likely pathy i the reaction of ethene and 2Br; was found to be a multiple-step
process involving the formation of an ¢thane bromonium/Bry” 1on pair intermediate which
then leads to the for atic  of ¢ 1.2-dibromo product by trans addition of a Br atom from
Br;y to one of the bromonium ion carbons. The corresponding activation energy was 1227k
mol™ at the G3IMP2B3 le of theory. IFor non-polar aprotic solvents such as C11,Cly and
CIHLCICILCL the overa  activation energies for the ethene + 2Br; reaction are found to be
64.6 and 52.7 kI mol”re  sctively at B3LYP/6-31G(d) level of theory. This is in excellent
agreement with the experimental activation energy of 66.4 kJ mol™ tor the reaction in CCL1 -

e 15 : : \ .
CCLIL Tlowever. in polar protic solvents such as CHLOT L the caleulated free energy agreed




20

very well with experin at™ only when the reaction was mediated by a single CHLOFH
molecule. A Kinetic expression was proposed that accounts for the difference between

bromination ol" kenes in protic and non-protic solvents.

In this  dy. we investigated the mechanism for the reaction of bromine with
adamantylidencadamantane which is known to stop the reaction by producing a

(AN RN . . . . . .
Ihe typical bridged bromonium ion would be in this

. .- . . .
bromonium tribromide 1on pair.
case Ad  Ad sterically hindered by four conformationally constrained axial hydrogen atoms

ot the evelohexane moiety as tllustrated in Figure 4.1, Therefore, no further reaction occurs

to form the dibromo product. No reaction can occur even with small nucleophiles such as

. . 27 . . N . . .

fluoride ions.” " Althou 2reaction mechanism of Ad—Ad with Bry was extensively studied
i -

~ V1o 17273 - - . , .

previously .nocon  utattonal study was conducted to investigate the mechanism of

the bromination of Ad 1. A potential energy surface for the bromination reaction of

Ad “Ad that leads to the bromonit — “tribromide 1on pair will provide further insight into the
bromination reaction of nes. It is difficult to extract conclusive intormation about the
mechanistic pathways fro - experiments only, Thus, quantum chemical calculations provide
the only source for a « led characterization of the potential energy surface along the

rcaction path.

4.2 Method

. . . . . . TR
All the clectronie  ructure cale ations were + 1ed out with Gaussian03 ™=, The




geometries of reactants. tr - tion states. intermediates and products were fully optimized at
the HIFand B3LYP levels of theory using the 6-31G(d) basis set. Energies were also obtained
using MP2'6-31G(d) 1/6-31G(d). MP2/6-31G(d) 'BILYP6-31G(d)y and B3LYP 6-
TG BILY  '6-31Gd) single pomnt caleulations. Frequencies were caleulated for all
structures to ensure the absence of imaginary frequencies in the minima and for the presence
of'only one imagmary {requency in the transition states. Fhe complete reaction pathways for
all the mechanisms discussed in this study were verified using intrinsic reaction coordinate
(IRCY analysis for all transition states. Structures at the last IRC points were optimized o
positively identify the r s and products to which cach transition state 1s connected. Iree
energies of activation and relative stabilities of reactants and products in CCLy and in
CILCICHLCT for the ¢ liton reaction of bromine to Ad Ad were caleulated with the
polarizable continuum model (PCM) as implemented in Gausstan03. All free energy
calculations involving solvation were performed using the solution-phase structures
optimized at the HE/6-> (d) and B3LYP/6-31G(d) levels of theory. By default. the PCM

model builds up ¢ cavity using the united atom (UAO) model.

4.3 Resultsand I n

The results tor the reaction of adamantylidencadamantane (Ad - Ad) with Bry and 2Br,

in the gas phase and in CCly are given in Tables 4.1 4.5,

4.3.1 Potential er St re for the reaction of Ad=Ad + Br;: Pathway A

th
2




Pathway A is the only pu.lhwu,\' found for the reaction of Ad Ad with one Bra. 'The
structures imvolved ing hway A are shown in Figure 4.2, The relative energies of reactants.,
intermediates, transition states. and products are shownin Figure 4.3, Activation energices,
free energies and entha ies of activation for the reaction of Ad Ad with Bry are given in
Fable 4.1, Ad - Ad can form two complexes with Bra. Inone complex. R1° Brs is coplanar
and perpendicular to the C= ¢ nd and in the other complex. R2*. Br-Brand C ¢ honds are
skewed to cach other (Figure 4.2). All the levels except for HE. prediet R17 to be more stable
than R2Y. by 21.2 kJ mol™ at B3LYP/6-31G(d) level of theory. Pathway A is a one-step
mechanisminwl chad  ntvlidencadamantane bromonium Br ion pair (1Y) is formed via
transition state TS™ where one Br attacks the C=C bond of Ad=Ad. In the reactant complex
R2*, the Br-Brand C ¢ ond distances are 2.316 and 1.349 A respectively at BALYP o-
31G(d) Tevel of theory, while in 1S the distances increase (o 3.058 and 1.419 A,
respectively. On ¢ other and. the Br-C bond distance in R2Y decreases from 4.719 A 1o
2751 An TS Intrinsic reaction coordinate (IRCy analysis confirmed that 18 leads to R2
and 1Y, The activation ene (AL, 14 ) for the reaction of Ad - Ad with Brois 272.8 and 134.7
kJ mol™ at HIF/6-31G( and B3LYP/6-31G(d) levels of theory, respectively. At NP2 6-
TG/ 6-31G(d) ¢ ba is lowered to 1114 kJ mol”, while at NP2 6-
31G(d) BILYP.6-31G(d) the barrier is increased to 145.3 kI mol™. The surprising lowering
in the barrier by 1614 kI mol™"  MP2:6-31G(d). /111:/6-31G(d) suggests both the importance
ol clectron correlation d different PES at MP2 and 1. The BILYP'6-31+Gd)
B3LYP/6-31G(d) calculation decreases the B3LYP6-31G(d) barrier by 28.7 Kl mol™ 1o

106.0 kJ mol™. The solvent model used in this study predicts a free energy ol activation of




251.7 and 1154 kJ mol™ in CCl, and 234.8 and 97.5 kJ mol ™ in CILCICHLCT at HE 6-
311Gy and B3LYP6-2 G(d). respectively. Although optimized structures tor the trans-1.2-
dibromo product (P)were obtained by all the levels of theory, no transition state leading from
[*to P wasobti wed e e successive attempts. P was found to be more stable than 1% by
204 and 642 kJ mc ' oat the HE6-31G(d) and B3LYP 6-31G(d) levels of theory.
respectively. 1t is interesting to note that no optimized structures for the cis-1.2-dibromo

product was found in s study despite successive attempts by different levels of theory.

4.3.2 Potential 1 e y st ‘aces for the reaction of Ad=Ad with 2Br,
The results for the reaction of Ad=Ad and 2Br> will be discussed in the following

order: 1) pathway B. 2) pathway C. and 3) pathway D.

4.3.2.1 Pathway B:

The structures mvolving | wway B are shown in Figure 4.4, The relativ e energies off
reactants, intermediates and transitions states are shown in Figure 4.5, Activation energies.
free energies and entha s of  1vation for pathway B are given in Table 4.2, Reactant
complex (R®) of Ad Ad + "3 is similar to R2Y, except that the second Broy interacts
sidewise. Pathway Bisa  c-st chanism in which an ion pair of the bromontum i1on and
Bry jon is formed via a transition state TS"® where one Bratom of Br- attacks the ¢ € bond
of Ad- Ad. while the other  atom transfers to the other Bra. In the reactant complex RY. the

Br-Br bond distance for the > attacking the € Cis 2.329 A atthe B3LYP'6-31G(d) level

N
N




of theory. while in TS". the  stance increases to 2.878 A. The C-Br (Br attacking the C )
and Br---Br> bond distances start at 4.699 and 3.172 A in R® and decrease to 2.904 and 2.723
Ain TS" respectively at - SEYP6-31G(d) IRC analysis confirmed that TS" leads to R™ and
1" I'he activation energy for the reaction of Ad- Ad with 2Bry in pathway B is 230.8 at HIE 6-
31G(d) and 94.1 KJ mol' at B3LYP/6-31G(d). The activation energics at MP2 6-
TG AIE 6-31G(d) and MP26-31G(d) BILYP 6-31G(d) are 91.6 and 91.8 KkJ mol .
respectively. inexcellent agreement with the B3ELYP/6-31G(d) results. The barrier decreases
w644 kI mol ' atthe  LYP6-311Gd) BALYP0-31G(d) level of theory. Applying the
solvent model vields a mechanism very similar to the gas phase one. 'The solvent model used
in this study predicts that the free energy of activation for this reaction would be lowered in

CClyand CHLCICHLC 3.1 and 26.8 kJ mol ™. respectively at B3LYP 6-31G(d).

4.3.2.2 Pathway C:

The structures of reactants. intermediates, transitions states and products of pathway
C are shown in Figure 4 for e reaction of Ad Ad and 2Br.. The relative energies of
reactants, intermediates. transitions states and products are shown in Figure 4.7, Activation

cnergies, free en enthalpies of activation for pathway C are given in ‘table 4.3,

tr.

(4%

In pathway C.interr iate 1€ is formed via 1S, which differs from TS in that. the Brs
attacking the C C bond ot Ad - Ad is tilted from the perpendicular. This leads to a ditterent
bromonium'Bry ion pair (I ). In the reactant complex R* | the Br-Br bond distance of B, that
attacks the C -Cis 2284 at HEF'6-31G(d) level of theory. while in TSY. the same Br-Br

. . - . . . . ( 1
distance increases to 2 v AL The correspondir - activation energy (Al s ) is 01.3 K mol
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at H16-31G(d). Notra  ition state structure was found at BILYP. 6-31G(d) level of theory,
however both R and  were obtained at this level, MP2'6-31G(d) T7'6-31G(d) and
BILYP 0-31Ge 7+ HIF6-31G(d) single point calculations predict a negative barrier (Table
4.5 and Figure 4.7). © ¢ B3LYP results therefore suggest that the reaction would be
barrierless and occur spontancously in the gas phase. This pathway was only found in the gas
phase. Optimiz. - on of  §' in solution lcads to a slightly different transition state which
corresponds to a different pathway . pathway D. Since R™ and RY differ by only 3.1 kI mol”!

at B3LYP'6-31G(d). asin e R® — R conversion is more likely to occur,

4.3.2.3 Pathway D:

The structures involved in pathway D are shown in Figure 4.8, The relative energices
ol reactants, intermediates d transitions states are shown in Figure 4.9, Activation energies.
tree energies and enthalpics of activation for pathway D are given in Table 4.4, In addition to
the two bromonium ‘Bry” ion pairs (1" and 1%). a third bromonium Bry ion p;lir(l“) is tormed
via TSP in pathway D, with an activation encrgy (AL, 15") of only 54.8 kJ mol™ at 11 6-
31Ged). The structure of © 7 involves a perpendicular attack by a B3r: on the ¢ ¢ bond
while the other Brs 1s ¢ ir with the C C bond and the attacking Bro. In the reactant
complex R”. the 1 that attacks the C C has a Br-Br bond distance of 2.285 A at HF 6-
31Ged). while in TS, it increases to 2.805 A, This bromonium/Bry ion pair (1') is ven
similar to that observed experimentally., "'No reactant complex (R"y or transition state ('I'S”)
was found at the BALYP'6-31G(d) level of theory, The MP2'6-31G(d) T 6-31Gd) and

BILYP 6-31G(d). THF 6-31G 7 single point caleulations predict. as tor pathway € that the







Comparing the three bromonium/Bry ion pairs (1", 1 and 1), 17 is predicted (exeept
[1F) 10 be the most stal in both gas phase and solution. 1V is more stable than 1 with AF(1"
— 1"y of =491 KJ mol™ at B3LYP/6-31G(d). Single point calculations at MP26-
TGS HE6-31G(d) and ML _ 6-31G(dY/B3LYP/6-31G(d) also predict 1" 10 be more stable
than 1" by -15.2and =41 Fmol™ . respectively. Atthe BILYP/6-31G(d) level of theory \G
is-S1.5 R mol™ 17 is ¢ o predicted to be more stable in CCly and CH-CICTLC solutions
with AG values of -31.0 and -24.5 kJ mol ™. respectively. For I — 1”1 is tound to be more
stable than 1”7 at 11F'6-31G(d) (AE 9.8 kI mol™y and 1 is found to be more stable at
BILYP/6-31G(d) (AE =104 kI mol™). AG (1Y — 1) is found to be negative with a value of -
15.9 kJ mol™ at B3LYP.6-31G(d) in the gas phase. All the levels of theory also predict AG to
be negative in C 1y and in CHLCICTLCwith values of -0.2 and -4.6 kJ mol ™ respectively at
HE/6-31G(d)Y and -10.2 and -8.2 kJ mol"‘_ respectively at B3LYP/6-31Gd). Tor [V > trans-
1.2-dibromo product ) + Bra. AE is 40.5 kJ mol™ at 1HE/6-31G(d) and 110.6 kJ mol ™" at
B3LYP/6-31G( . All ¢ levels of theory also predict AG (" =P 1Bra)to be posttive with
AL values of 17.6 and 1084 kJ mol™ at [1F'6-31G(d) and B3LYP 6-31Gd). respectively.,
This again suggests that 17 s a very stable structure. Similar results were also obtained in
CCly  and O HCICHSCL  solution  (Table  4.5).  Therefore.  bromination  of
adamantylideneadaman ¢ will undoubtedly favor the formation of 17 in CCly and
CHLCICTLCHy ich is inexcelient agreement with the X-ray structure.'” To investigate it 1V
dissociates into the adi intvlidencadamantane bromonium ion (Ad-Ad-Br') and the By we

have tried to opt ize the dissociated products, Itis iteresting to see that despite successive
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attempts with both HE I B3LYP levels of theory, an optimized structure for Ad-Ad-Br'

(Figure 4.1) was not tound in the gas phase or in solution (CCLy and CHLCLCHLC,

4.4. Conclusions

A comprehensive mvestigation was conducted to obtain all possible mechanisms
involved in the reaction of Ac \d with Br; and 2Bra. Only one pathway, pathway AL was
found for the reaction ¢ Ad=Ad with one Brs producing a bromonium/Br ion pair (1Y), For
the reaction of Ad Ad with 2Br; three different pathways, pathways B, ¢ and D, all
producing bromonium " ion pairs (1°.1° and 1”) were found. Structures for pathways A
and B were obtained at both the HE and B3LYP levels of theorv. while for pathways Cand D
all structures were only ¢ tained at the HE lTevel, According to the HI- 6-31G(d) level. both
pathwayvs C and D are e most favored pathways with very low activation encergies as
compared to pi wavs Aand  (Tables 4.1, 4.2, 4.3 and 4.4). The [EF 6-31G(d) activation
energies were lowered by 138.1 and 162.7 k) mol™ at B3LYP 6-31G(d) for pathways A and
B. respectively. Sinee the activation energy is significantly lower for the reaction ot Ad- Ad
with 2Bry as cor Hared to the reaction with a single Bro. the addition of bromine to Ad - Ad s
indeed mediated by ¢ 1 Br> molecule where the second Br assists in the ionization ot
the reactant complex to wrm a bromonium/Br;™ ion pair. This is in agreement with our
previous study onthe I mination reaction of ethene.” According to B3LYP 6-31G(d) the
reaction would occur spontancously in the gas phase as well as in some solvents without a

. . O 1y . \ . .- . .
barrier to vield I' and I viap hwavs Cand D respectively, Single point caleulations at
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TABLE 4.5: Relative Stabilities (kJ mq ') at 298.15 K.

Level/Basis Set *—p ®-1° “-1° I P+Br,
AE AH AG AE AH AG AE AH AG AE AH AG
“'6-31G(d)
Gas Phase 264 219 .99 2.1 2.7 2.0 9.8 10.2 7.6 40.5 )2 17.6
ccLy 40.4 -3, -0.2 18.6
1 102 -8.3 6 Q3.8
2/6. 3-3 i)
(Gas Phase -93.0 -15.2 8.0 47.8
B3LYP/6-31G(d)
Gas Phase -64.2 -59 -47.9 )1 -453 -51.5 -104 -74 -159 110.6 1082 84.1
cel” -12.7 -31.0 -10.2 834
CH-CICHLCIY 38.4 -24.5 -8.2 108 .4
MP2'6-31CG(d); B3LYP/6-
31G(d)
(Gas Phase 90.8 -41.8 -6.0 80.3
" “The PCM-United Atom model was used for o

ptimized structures. In all cases AG = AAG (thermal correction) + AGsolv.

B oen- . . .
Since the values are  latively large. we  ave neglected BSSE correction.
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Scheme 4.1 Reaction of Adamantylideneadamantane (1) with bromine in CCly forms adamant  deneadamantane bro  onium
ion with a Bry cou rion (2). |
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Scheme 4.2 eaction of(E)-2.2.5.5—tetramethyl-?».4—diphcn; lex-3-ene (3) wi - bromine forms a CTC complex only.
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Scheme 4.3 Tetrancopentylethylene (4) does not react with bromine in CCly solution.
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Figure4 E:

:ted stru 1re of the adamantylideneadamantane bromonium ion.
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Figure 4.2. Mechanism for the reaction of Ad=Ad + Br, (Pathway A).
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CHAPTER 5

A comparisc of the Standard 6-31G and Binning-

Curtiss si1S Sets for Third Row Elements

5.1 Introduction

Calculations for compounds containing 1™ and 2™ row clements are now very
common. However. fe r caleulations have been performed for compounds containing
3" row main group clements. Such computations require basis sets that are consistent
with those used for the 1™ and 2™ row clements in order to obtain accurate and reliable
results.! For 3" row clements the Binning-Curtiss (BC6-31G) basis set” has been used in

combination with the standard 6-31G basis set in most clectronic structure packages (for

\ . 3 . vl . .
example, Gaussian™ and GAD  <SS”). However. this basis set does not actually meet the




definition ot the standard 6-31G basis set, but it is constructed from a contraction of the
Dunning basis set.” The core functions are highly contracted with respect to those which
represent the valence  1on which are kept uncontracted in order to maintain flexibility.
For example, for the  76-31G basis set. the s. p and d shells consists of six (821111,
four (6311), and onc (3) contracted functions, respectively which gives a total of 24 basis
functions. Rassolov et al.” have developed a standard 6-31G basis set for the third row
clements to use in G3 theories”. where the 3d orbitals are included in the valence space of
the third row clements. resulting in a total ot 29 basis functions. However. very little has
been reported ™ * on the use of the standard 6-31G basis set vy. the BC6-31G basis set for
lower levels of theory .. IIF. MP2 and B3LYDP) for compounds containing 3" row
clements. No detatled investigation ot geometries and {requencies for compounds
containing 3" row clements have been performed using the standard 6-31G basis set.
[From our previous stu 7. thermodynamic properties for SilLBr + THON —» SitICN
[IBr and SillBr + 11, — Sitly + HBr, calculated at TE, MP2 and B3LYP levels using the
standard 6-31G basis set, we  found to be in better agreement with Gaussian-n theories
compared to values obtained using the BC6-31G basis set for bromine with the same
levels of theory. However. in - later study® on the reaction of alkenes with bromine. the
thermody namic properties obtained with the standard 6-31G basis set were found to agree
very well with the values obtained with the BC6-31G basis set. In this study. we have
extended the study to encompass other third row main group elements. G3MP2 theory”
and cxperimental  csults where available are used in this study in evaluating the

performance of the standard 6-31G and the BC6-31G basis sets for compounds




containing first row and sccond row elements in combination with the third row ¢lements
Ga, Ge. As, Se and Br. The results are compared. contrasted. and evaluated at the HE,

MP2 and B3LYP levels of theory.

5.2 Method

In this study.  : performance of the third row basis sets is evaluated by
comparing the thermodynamic properties for the following isogyric reactions:
CHEX +HCN — CIHLCN + XL, 4 (h
Sith X 4 HCN — SiHL;CN + X1H,, (2)

where, X0 Ga, Geo As. vand Brand n =2.3.2, 1, 0, respectively, and for.

CH;Br + HCT — CHCLH HBr (3)
Sitly  + HCl — SilKCL+ TBr +H
Pit +1TICN — PILCN o TBr (3)

The geometries and frequencies tor molecules containing third row atoms are also
investigated. All the ¢ ctronic structure caleulations were carried out with Gaussian03.’
The geometries of all reactants and products were fully optimized at the HE, MP2 and
B3LYP levels of theory using both the 6-31G(d) and 6-31G(d.p) basis sets. For 3" row
clements. Ga. Ge, As. Se. and Br, both the standard 6-31G” and BC6-31G" basis sets are
used throughor — Geometries of all the compounds were optimized ensuring all had their

. . 7.8 - . . . .
expected symn - ries. In our previous work, " it was found that the enthalpies of reaction

calculated by us 2 ( - G3B3" and GIMP2B3" levels of theory all agreed to
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within 5.3 kJ mol™". Therefore. the GIMP2 level of theory is used in this study which is
expected to adequately reproduce the experimental data. G3MP2 theory 1s based on
geometry optimizations  erformed at the MP2(full) level of theory using the standard 6-
31GGd) basis set for 17 2™ and 3" row clements. In some cases GIMP2 caleulations
were also performed using the BC6-31G(d) basis set for 3 row clements. For the
standard 6-31G(d) ba - set, the G3MP2 energy is the summation of the Tollowing single
point energies:
E[QCISD(TY6-31G(d  + AEypa + ALE(SO) + E(HLCY + E(ZPE). where (AEagp:)
[E(MP2/G3INIP2Large)]- [E(MP2.6-31G(d) | While., the GIMP2 energy caleulated using
the BC6-31G(d) basis sct 1s given by
EIQCISD(T)YBC6-31G(d -+ AEmpz + AL(SO) + BE(HLC) + E(ZPE). where (AEap)
[E(MP2/GINMP2L arge)}- [F(MP2/BC6-31G(d) |

For all the 3" row elements the G3MP2large basis set.” ' which is not yvet

incorporated in Gaussian03. was used for G3NP2 caleulations. Frequencies were

calculated for.  structures to ensure the absence of imaginary frequenceies in the minima.

5.3 Results: 11 : sion

The optimized geometries, frequencies, the thermodynamic properties of the
isogyvric reactions and heats of formation of some energetically  stable compounds

-

.. ] . - -
containing 3" row clements are presented in Tables 5.1-3.9,




5.3. 1 Geometric . ecules containing 3" row elements:

Bond lengths and angles calceulated at MP2 and B3LYP levels of theory using the
standard 6-31G(d.p) and BC6-31G(d.p) basis sets for all the structures containing 3" row
clements are listed in Yable 5.1 along with the experimental data where available, The
geometric parameters cale lated with the standard 6-31Gd.p) and BC6-31G(d.p) basts
sets are quite different. The MP2 bond lengths are always shorter than the B31YP bond
lengths and with a few exceptions (ZT1-C-1in CHBr, CHSetd, CHAsHL and CHGalls
and Z11-S1-X (X Br. Gay in SiliBr and Sitl:;Gallz) MP2 bond angles are larger or
almost cqual to B3LY angles. Towever. for all the levels of theory the agreement with

i
12" row elements.

experiment is similar to that found for compounds containing 1™ ang
Table 5.2 lists the mc  absolute deviations (MAD) in bond lengths and angles from
experiment and cale ations. A total of 25 expenimental bond  lengths and 18
experimental bond @ s were used to calculate the mean absolute deviations from
experiment. A to- ¢« 36 bond lengths and 36 bond angles were used to caleulate the
mean absolute deviations veen the values caleulated at MP2 and B3LYP level of
theory using the standard 6-310(d.p) and BC6-31G(d.p) basis sets. For bond lengths the
MAD is ~0.012A except lor B3LYP/6-31G(d.p) which has a MAD of 0.019A. The
fowest MAD (0.01 3A) is given by MP2/6-31G(d). For bond angles the MAD (18 of
bond angles) is 0.5-0.6. Changes in bond lengths with change in basis set are generally
larger at B31Y  (0.0078A) than at MP2 (MAD--0.0057A). For example in HBr. the
difference in bond leng 5 caleulated at B3LYP/6-31G(d.p) and B3LYP/BC6-31G(d.p) is

0.0098A. while the d  rence at MP2/6-31G(d.p) and MP2BC6-31G(d.p) is 0.0018.\.
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31Gd.p) is 16,4 em™'. while between B3LYP0-31G(dp) and BILYP'BCO-31Gd.p) the
MAD is 20.3 ¢em™. The MAD between the MP2 '0-31G(dp) and B3LYP/O-31G(d.p) is
58.9 em™, while the MAD between the MP2 BC6-31G(d.p) and BILYP BCO-31G(d.p) is
51.8 em™. when unscaled frequencies are used. Standard frequeney scaling factors for

203

compounds containing 1" and 2™ row clements are available in the literature. he
MAD for scaled freq  ncies using the standard scale factors are also given in able 5.4,
Scaling improves e 1 uencies significantly at all fevels of theory and basis sets. After
scaling MP2/6-31G(d  now has the lowest MAD (244 em™) from experiment. For
BILYP 6-31G(d.py and B3LYP'BCO-31G(d.p) the MAD are Towered to 29.6 and 29.3 KJ
mol™. respectively when frequencies are scaled. The MAD between BILYP 6-31G(d.p)
and B3LYP/BC6-31G(d ) is 19.5 em™’. while MP2/6-31G(d.p) and MP2 BC6-31Gid.p)

is 15.3 em™. It is interesting to note that after scaling the MAD are now similar for all

fevels of theory and basts sets.

The frequency  ling factors for 1™ and 2™ row elements are 0.9608 and 0.9370
at BALYP/6-31G(d.p) i | MP2/6-31G(d.p). respectively.™" Using the 73 experimental
frequencies available  r compounds containi 3" row clements scaling factors were
calculated by dividing the experimental frequencies with the corresponding caleulated
frequencies and then t ng their average. The scale tactors were found to be (.9408.
0.9246 at BILYP.6-31G(d.p) and B3LYP BCO-31G(d.p). respectively and 0.8982 and
0.8926 at MP2.6-> G(dpy ¢ 1 MP2BCO-31G(dp). respectively. These scaling factors

indicate that in ger al - cquencies caleulated for compounds involving 3™ row clements
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Both reac ons (1) and (2) involved HON as one of the reactants. To see the eftect
of 2™ row clements on reaction thermodynamics. two more reactions. reaction (3)
(CHBr 2 e = ¢ CH Y HIBry and reaction (4) (SiEBBr + TICE — SitlCE + HBr) are
considered. The thermodynamic propertics for reaction (3) and (4) are listed in Table 3.6
and the plot of reaction enthalpies vy, theory ‘basis set are given in Figure 5.5 for reaction
(3) and Figure 5.6 tor reaction (4). GINP2 enthalpies caleulated with the standard 6-
31G(d) basis set are in excellent agreement with the G3MP2 enthalpies calculated with
the BC6-31G(d) basis set. differing by only 0.1 kJ mol™ for reaction (3) and 1.6 h) mol '
for reaction (4). The G3MP2  athalpies were also tound to agree well with experiment
differing by no more than 5 kJ mol™. The G3MP2 enthalpies calculated with both the
standard 6-31G(d) and BC6-31G(d) basis set are found to be endothermice for reaction (3)
and exothermic for reaction (4). For reaction (3). the L MP2 and BILYP enthalpies
calculated using the standard 6-31G and the BCO-31G basis set are i exceellent
agreement. differing  no  ore than 4.3 kJ mol™. In this case. all enthalpics of reaction
are 1n good agreement with both the G3MP2 and experimental values. However, for
reaction (4). the differ  ces between the enthalpies of reaction caleulated with the
standard 6-31G and the  "6-31G basis set are large. ranging from 17.5 10 23.4 kJ mol™.
The reaction enthalpics cale  ted with the standard 6-31G basis set are found to be
exothermic (except for T Y0-31G(dp)). while the reaction enthalpies obtained by BC6-
31G are endothermie for all levels of theory and basis sets mvestigated (Table 3.6 and
Figure 53.0). In this case. »enalpies caleulated with the BC6O-31G basis set are in poor

agree ent with both the  IMP2 and the experimental values. Theretore. the choice of

191




basis set is extremely  nportant for reactions involving both 2™ and 3" row clements. For
reactions (2) and . Oth involving Sic the standard 6-31G basis set predicts better
reactton enthalpies and free energies than the BCO-31G basis sett It would be interesting
to see if the same result is found for other 2™ row clements. T herefore, thermodsy namic
properties for reaction (3). PH-Br + HON - PHL>CON o+ HBr. are cateulated using both the
standard 6-7 G and the BCO-31G basis sets and the values are given in Table 5.7, The
plot of reaction enthalpies ve level of theory basis set 1s shown in Figure 5.7, Differences
in enthalpies caleulated with the standard 6-31G and the BC6-31G basis set range from
93 10 154 kI mol"  pending on the level of theory. Like reaction (). SitliBr. the
reaction enthalpies ar free energies caleulated with the standard 6-31G basis set is in

better agreement with G3MP2 values (Table 5.7 and Figure 5.7).

Mean Absolute Deviations (I AD) of the reaction enthalpies:

The mean absolute deviations for the reaction enthalpies involving 1™ and 3" row
clements. reaction (1), d for reactions involving 17, 2™ and 3" row elements. reactions
(2) and (). are caleulated at different levels of theory and basis sets from GAIMP2
enthalpies and the values are given i Table 3.8, The MAD for enthalpies of reactions
involving 1 and 3™ row clements are not signilicantly affected by the change of basissel.
ranging from 2.6 to 13.5  mol™ for the standard 6-31G basis set and 1.8 to 5.8 kJ mol”
for BC6-31G basts set. = ¢ MAD are shightly higher at B3LYP 6-31G(d.p) and I 6-
Ard

31G(d). On the other hand. the MAD for the reaction enthalpies involving 1 2™ and 3

row clements (reaction (2) and (3)) are signiticantly larger for the BC6O-31G basis set at
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all levels of theory vestigated, ranging from 10.1 to 184 kI mol™. The MAD for the
. . . _ N . .
standard 6-31G basis set + age from only 2.3 10 8.5 kJ mol™ depending on the fevel ot
theory. Therefore. al - ough the Binning-Curtiss and standard basis sets perform almost
identically for reactions involving only 1" and 3" row clements, the standard basis set
- : : . { | Atd I
performs much better o reactions involving 17 2" and 3™ row clements. These results
.. . . . . i . .
indicate that the  C6-31G basis set for 3" row elements is improperly balanced relative
to the standar  6-31G basis set used for 1™ and 2™ row elements. The imbalance would
result in basis set supe  osition error and basis set incompleteness error. The extra basis
functions (3d) for the sta ard basis set are evidently playing a sigmificant role. especially

: d ~rd .
when bonding between 2™ and 3™ row clements is present.

5.3.4 Exploring Hi s ¢ Formation (\Hy) :

No experimental or theoretical heats of formation (AlHy) have been reported for
CH:Sell. SillSell. CHzAs , SillzAsH:. CHGelly and Sill:Gells. In this study. the
enthalpies for reaction i 1 reaction (2) for all X0 X Ga, Ge, Asc Secand Br, have
been obtained. The Ably values obtained in this study are given in Table 5.9, From the
G3IMP2 enthalpies of  ction and the most recent and rehable experimental heats of
formation for CIHHEON,  THONL Sells, Aslly Gellyo HONC AL for CHiSeHL SiHBSel L
CHLASHDL, SillAsT L, O 3Gellvand SilliGeHy are caleulated to be 18,3, 18.0. 38,4, 82 4.
41.9 and 117.4 kJ mol'. respectively. Heats of formation were also caleulated for TTON.
CEGON, SHLGONC D C o B SillsBr, CHLCL TCT and SiELCLL for which reliable AL

values are avarlable for con arison. The All for CLLBr. HON. CILON and HBr are
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calculated using the 3MP2 enthalpy of reaction for CHLBr + HCN — CHZON + HBr
(AH -36.0 kJ mol™ at G3MP2) and most recent experimental heats of formation for
CIHLBr  HOND CHECON and HBr (given in Lable 3.9). The resulting Al values are -37 8.
131.8. 73.9 and -30.4 T mol” respectively. all values being in excellent agreement with
experiment. Similarly, he s of formation for HCON, SitliBr. SULOCN and HBr are
calculated using ¢ halpy of reaction for Sil L;Br -+ HCN - SilliCN + HBr (43.6 kJ

mol™ at G3MP2).  ng with experimental heats of formation tor FHICN. Sil1iBr. HBr and

SHTBCN. The Al vooaes are again in excellent agreement with experiment. Heats of

tormation of CH:Br, CSiEBr, CHRCL HCH and SHHECL are also caleulated using the
enthalpy of reaction (3), CI1 4 HCL — CTLCT + HBr (11,1 kJ mol™ at G3IMP2) and
reaction (4). SitLBr + 1CH = SHLCT + TBr (-2.7 kJ mol™ at G3IMP2) and by using the
experimental heats of formation of CHEBr, HCL CHLCL HBr. StHLBr and SitliCL The
Al values obtained by reaction (3) 1s in excellent agreement with experiment. while the
values obtained by usii reacti (4) 1s also in reasonable agreement with experiment
differing by no more tt 4 T mol” from experiment. Therefore, these results provide
further evidence that the GIMP2 enthalpies are very reliable tor the reactions studied and
proved to be use 1l in predicting the performance of the standard 6-31G and BC6-31G

basis sets.

5.4 Conclusions

Computations were carric © out in order to compare the standard and BC6-31G

basis sets for thermodyr ¢ properties. geometries and frequencies. The performancee of
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the standard 6-Z 5 bas  set compared to the BC6-31G basis set for a series of isogyric
reactions containing third row elements, Ga, Ge. As. Se and Br. was evaluated using
GAIMP2 theory. A comparison of the thermodynamic properties caleulated with the
standard 6-31G and ¢ L 2 0-31G basis set with the GIMP2 energies revealed that for
compounds with 1 row elements and 3 row clements. both basis sets perform equally
well. while compounds wi— 2™ and 3 row clements or with 1™ 2™ and 3" row.
clements, the standard 0-31G basis set showed the best performance. Optimized
geometries were also tabulated and compared for the standard 6-31G(d.p) and BCo-
31G(d.p) basis sets. Geometrie paramecters calculated with both the basis sets were found
to agree well with ¢ oeriment. with errors similar to those tound for compounds
containing 1™ and 2™ row clements. Frequencies were also compared to experiment and
the unscaled B3LYP 6-31G(d.p) frequencies were found to be in better agreement with
experiment (Table 3.4). MP2'6-31G(d.p)y were also found to predict better {requencies
than MP2'BC6-31G(d . Sc. ng the frequencies with standard scale factors lowers the
MAD for all levels and asis s studied suggesting that the standard scale factors for 17
and 2™ row clements may . 0 used for 3" row clements. Caleulations using G3NP2
theory proved useful in dete  ining accuracy ol level of theory and basis set. When
studving reactions involving heavy atoms. the choice of basis setis crucial. As illustrated
in this study. enthalpies ¢ reaction can vary up to 30.4 kJ mol™ at the B3LYP and MP2
levels of theory which  several cases may lead to predicting a reaction is endothermic
when it is actually exo ermic and viee versa. Since the standard 0-31G basis set

performs very well wi [ the reactions. we recommend that the standard 6-31G basis
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. . . . |
set be used for caleulations involving 3" row clements. It has also been shown that
reaction enthalpies ¢ culi :d at G3IMP2, along with existing experimental data can be

used to calculate reliable heats of formation.
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* The thermodynamic properties are taken from reterence 7.
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ism for the reaction forming the largest side product from

nutylammonium cyanide and para-nitrobenzyl chloride in THF



















TABLE 6.6 The chlorine leaving group KIEs for the Sx2 reactions between

cyanide ion and five pa tuted benzyl chlorides at 25°C using four different
levels of theory and un-sc: frec encies.

Para- ko a
substituent ~ RHF/6- +G( B3LYP/6-31+G(d) B3LYP/aug-cc-pVDZ
CH; 1.01012 1.00742 1.00717

H 1.01004 1.00743 1.00717

F 1.01003 1.00741 1.00716

Cl 1.00987 1.00728 1.00699

NO; 1.00950 1.00703 1.00676

Substituent  0.00062 0.00039 0.00041

effect

(CH3 —NOy)

. 0.991 0.949 0.942

* KIEs versus the Han cor  ants. _
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o

TABLE 6.7 The experim

reactions of para-substii

Para-Substituent

CH3

H

Cl

NO;
Average

Standard deviation

1.0¢

1.0¢

1.0

1.0

1.0

0.(

® The data is taken frc

* The error on each KIE

ine (k**/k’’) leaving group KIEs" P for the S\2

| chlorides with various nucleophiles at 20°C.

k35lk37
Nucleophile
I: CyHoS: CH;0:
1.00996 1.008 1.00780
- 1.00920 1.00800
1.00973 1.00915 1.00806
1.00976 1.00871 1.00768
1.00982 1.00900 1.00789
13 0.00022 1.00018
00010.

260



TABLE 6.8 The experim

between cyanide io

kl]/k]4

CH;
H

Cl

and

:leophile carbon k''/k" KIEs for the Sx2 reactions

-substituted benzyl chlorides at 20°C.

* Standard deviation.

® The number of se

g

Para-substituent

51 +0.0013% (8)"
0C 17 £ 0.0009 (6)

) £0.0025 (9)

is of the KIE used to calculate the average KIE.
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Table 7.2. The sec deuterium KIEs for tt  Sn2 reactions between cyanide

ion and ethyl ch ride, | de, iodide and tosylate in anhydrous DMSO at 20°C.

Substrate

Ethyl iodide ®  2.024 10!
Ethyl bromide 3.5 107
Ethyl chloride ¢ 4.232x 10™

Ethyl tosylate” 4.

“1ne rate const: . fre
rate constant.

*The substrate  d
0.003 M and 0. 15
M, respectively, fo
for the ethyl tosylat
“This data is taken
DMSO. Thete
“The error i1
standard dex
and deuterat

o n r N

Average

kp M5!y (ki/kp)y *

1.961 x 10™! 1.0318 +0.0036

3.552x 107 1.0065 + 0.0005

4274 x 10 0.990 + 0.004
148 x 107 1.0617 + 0.0005

xriments were used in calculating the average

centrations in these experiments were approximately
, for the ethyl iodide reactions, 0.0037 M and 0.0073
ide reactions and 0.034 M and 0.06 M. respectively,

16. The KIE was measured at 30°C in anhydrous
hese KIEs is very small?*?” and can be ignored.
[)2 + (k”/kD)2 X (Ak[))z]l/z, where Aky and Akp are the
: ralte constants for the reactions of the undeuterated
ly.






Table 7.4. The nucl

cyanide ion and cthyl

using three dif

Substrate

‘ent

I

Ethyl iodide®
Ethyl bromide

Ethyl chloride
Ethyl tosylate
Leaving group
effect (I - Cl)
“Huzinaga’s do
’Estimated usi)
1.0009'°.
“Value is obtai

0
0
0
0
0
0

le
th

| by

‘bon (k''/k"") KIEs for the Sx2 reactions between

hyl bromide, ethyl tosylate and ethyl chloride at 25°C

‘heory.
k”/k”
B3LYP B3LYP [xpt.
1) /6-31+G(d) /aug-cc-pVDZ
0.9869 0.9843 1.0066
0.9750 0.9845 1.0028
0.9828°
0.9793 0.9809 1.0027°
0.9793 0.9800 1.0015
0.00. 5 0.0034 0.0039

T3 SUNEUNET
1> was used for iodine.

1 reference 23 from the incoming nucleophile k'*/k"’ =

lard bromine 6-3 1+G(d) basis set.



Table 7.5. The s deuterium |(kp/kp)o] KIEs for the Sn2 reactions

between cyani i ethyl iodide, ethyl bromide, ethyl tosylate and ethyl
chloride at 25°C using fferent levels of theory.
(ki/Kp)a
Substrate B3LYP BSLYP Expt.
(d) /6-31+G(d) /aug-cc-pVDZ
Ethyl iodide” U.¥430 0.9723 0.9718 1.0318
Ethyl bromide '4 0.9734 "
5 0.9804¢ 0.9762 1.0065
Ethyl chloride 5 0.9987 0.9899 0.990"
Ethyl tosylate l. : 1.0206 1.0009 1.0617
Leaving group
effect (1 - Cl) ) -0.0265 -0.0182 0.0418
“Huzinaga's dc le * was used for iodine.
"This value wi m hydrous DMSO at 30°C."* The temperature effect on
these KIEs is very s an be ignored.
“Value is obtai 1t ird bromine 6-31+G(d) basis set.
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Table 7.9. The sec:

cyanide ion and eth)

iterium (ki y)q KIEs for the Sy2 reactions between

ethyl bromide, ethyl tosylate and ethyl chloride in

DMSO at 25°C  sii ( nt levels of theory.
(ki/kp)«
Substrate RO B3LYP B3LYP Expt.
(d) /6-31+G(d) /aug-cc-pVDZ
Ethyl iodide® ! 0.9611 0.9517 1.0318
Ethyl bromide g 0.9722 0.9722 1.0065
1.0332° 0.9818°

Ethyl chloride ) 1.0090 0.9920 0.990°
Ethyl tosylate ’» 1.0043 0.9892 1.0617
Leaving group 3 -0.0479 -0.0402 0.0418

effect (I1-Cl)
“Huzinaga'sdc le
* This value w m
these KIEs is very si
“ Value is obtained t

vas used for iodine.

frous DMSO at 30°C.'® The temperature effect on

be ignored.

bromine 6-31+G(d) basis set.
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Sum of electronic a e es= -78.533848

Sum of electronic a: thalpies = -78.532904
Sum of electronic a: :¢ Energies= -78.557768
Therefore,
The free energy of et CC at B3LYP/6-31G(d) level of theory is the summation
of the above shaded ,1.e. -78.583014 + 0.030278 = -78.552736.
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