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Combination of the reaction energy, a thermodynamic index, with structural descriptors, such as the force
constants associated with the reactant and products potential wells, allows us to define a new index that
quantifies the position of the transition state and classifies reactions in terms of their Hammond or anti-

Hammond character. Switching from the classical restricted Hammond behavior to a general behavior, in
which the position of the transition state is not only conditioned by energy comparisons, occurs through

adding a new term accounting for the structural effects in the potential-energy function. It is shown that these
effects strongly influence the position of transition states but leave the barrier height practically unchanged.

Analysis of 27 chemical reactions of different types, such as rotational isomerizations, SN2, and intramolecular
reordering reactions, provides strong support to the model presented here.

1. Introduction Although structural distance is in itself a slippery concept, it

The Hammond postulate (HF a central concept in physical has been widely used yvithin d.ifferent gxisting approa@wes.
chemistry because of the constraints it establishes on the position Because structural distance is not uniquely defined, it cannot
of a transition structure in terms of the energies of reactants 9ive exact accounting for the HP. Furthermore, the nonunique-
and products. Indeed, the HP asserts that the transition staté€ss of the structural distance definition allows dramatic changes
(TS) on a single-step reaction will be located nearer the in the relative location of a TS with respect to reactants and
stationary state with the higher energy content. In other words, Products, and hence, stating that a particular process “violates
exothermic reactions will have agarly barrier, while endo- ~ the Hammond postulate” is dangerous because the very same
thermic reactions are supposed to presaetbarriers. Although process that violates it under a given definition of the structural
its qualitative nature is evident, the HP has been invoked distance may perfectly hold under another one. Arteca and
extensively as a tool to get insights about the structure of the Mezey stated, while studying molecular shapes and its changes
TS from the knowledge of reactants and products. A word of along reaction paths, that “the reinterpretation of the Hammond
caution is to be considered her¢he HP, as originally stated,  Postulate according to similarity defined by shape descriptors
does not necessarilly hold when the activation energy is big may reclassify some reactions, showing a formal violation
compared to the reaction energy. according to the standard formulation”. The bottom line of this

Various formulations and variations of the HP have been line of argument is that we must accept that while the HP seems
proposed over the years, and there exist several principles ando hold on a particular framework, it may fail according to
theories that may be regarded as quantitative formulations of it another one. One way around it would be to accept a particular
(see ref 3 and references therein). Among them, the Leffler choice of similarity and provide a model flexible enough to
postulaté has been named by Murdddm “extended Hammond  accurately account for the cases that follow the HP, as well as
Postulate”. Leffler's postulate asserts that the partial derivative for those that do not.
of the energy barrier with respect to the reaction energy equals |, g article, expressions that quantify what we call extended

Lhe],:_posrilr(])n |§f thetTdS, thaftf_al_on? ireducig reac:!On_Coord""’lteHammond postulate (EHP) through the position of the transition
efines f (Ia rons eh goeM!lcéetE .t | |s(;/votr mentioning a\]:ery state are proposed. Within this model, Hammond as well as
successiul approach by M atleads o an expression Ior o fammond processes are accounted for; both behaviors can

;ﬁiﬁ:?gfcr;iggtgg;ii;g?;'S'A'ng%przzgsgtrg; t&‘;lgjrf‘;te'?(n?éf;_’rm be rationalized through the topological properties of the potential
. ) -9 . . P! energy surface in the directions that lead to the transition
sion using the bond order as a reaction coordinate for simple A . . : ' X
structure in theN-dimensional configurational space.

+ BC — AB + C reactions. To the best of our knowledge, o . )
Miller's expression seems to be the most successful approach t1S widely accepted that the force constants associated with

in quantifying the HP from a purelglassicalpoint of view. the reactants and product potential energy wells are responsible
Among more recent approachesl |t |S Worth mentlonlng the fOI’ the antl'Hammond behaVIé?’.ll Indeed, Sma” Changes n
use of similarity indexes to quantify the vague notionlate the force constants may modify the topology of the energy

andearly TS. Within these, Cioslowskiproposed a similarity ~ Profile along the reaction coordinate enough to overcome the
index based on the reduced first-order density matrices thattendency imposed by thermodynamics through the Hammond

accounts for the structural distance between two species.postulate. The explicit consideration of force constants of
reactants and products is what makes our model flexible enough

* To whom correspondence should be addressed. E-mail: atola@puc.cl.to account for the EHP. While the HP is based on the reaction
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energetics only, the EHP also considers the force constantsthe explicit RRCs were not known in most casémdeed, we

associated with the reactant and product potential wells. have previously described an approadeH, based on the
The EHP herein outlined attempts to classify reactions as potential Vo[w], for quantifying the Brgnsted coefficien, a

Hammond or anti-Hammond through qualitative and quantitative parameter that gives the position of the TS along the reaction

descriptors readily available from the present analysis. A coordinate:

generalized, quantitative version of the Hammond postulate

should be applicable to every kind of process. Indeed, our dVolol] 1 AV

approach is applicable even in cases in which the reaction energy do lo=p 0=p= 2 2_Kv (8)

is rather small when compared to the activation energy, one of

the most important drawbacks of the original postufate. wheref quantifies the HP because any shift from the value 0.5

This article is organized as follows. After succinctly introduc-  depends only on the sign a2, that is, for exothermic reactions
ing the reader to the model potential used throughout the article, AV0 < 0 leads tq3 < Y/, while for endothermic reactionsV°
the general results leading to a flexible description of the reaction > 0 impliesp > Y5, in consistency with what is expected from
profile are presented. During such analysis, we introduce indexesthe HP.
capable of classifying and quantifying the EHP through the  \j[w] is also consistent with the Leffler’s postulate, which
position of the transition structure. In section 3, the theoretical ensures that the derivative of the activation enetd§ with
models used in the calculations and parameters necessary forespect of the overall energy chanty&? equals the position of
analyzing different chemical processes are discussed. Sectionhe transition staté:

4 presents applications of the EHP to rotational isomerizations

and other chemically interesting processes. Section 5 contains N g 1 AV ©)
our concluding remarks. IAVC 2 2K,
2. Theoretical Model Replacing the expression f8rin Vo[w], we obtain an expression

that quantifies the energy barriek\*, that is consistent with
2.1. Torsional Potential.In previous articled?-15the usage ~ the Hammond and Leffler postulates:
of symmetry-adapted limited Fourier series (LFS) expansions
as an appealing choice for describing rotational isomerization _ AV = 1 AV (AVO)2
processes was discussed. Such conformational functions along Voll = AV = ZKV + o + 4K,
a torsional anglex were conveniently expressed as follows:

V(o) = V(@) + Vy(a) )

(10)

This expression is the Marcus equati§rt must be stressed
that all of these quantities depend only upon two parameters,
1 1 Ky andAV?, so the above formulas provide useful and rather
V(o) = —AVO(l — cosa) + F(Kg + ko)(1 — cog o) (2 simple tools for characterizing the transition state of Hammond
2 4 processe$>17
1 2.2. Characterization of Hammond and anti-Hammond
V(o) = Z(kR — ko — AVY)(1 — co< a)cosa 3) Processed.et us go further and use the whole potential function
(eq 5) to define the coefficient through the first derivative of
whereAV® = V(o) — V(o) is the reaction energy arig and eq 5 evaluated ab = 0.5, the midpoint between reactants and
kg are the force constants associated with the reactant (R) andProducts:
product (P) potential wells. av
It is useful to define the reduced reaction coordinate (RRC), ﬂ = 1(3AV0 + Ako) = (11)
. : ) o d _ > 14
w, which for the case of rotational isomerizations can be W lo=05

expressed as follows: .
P Note thaty can be seen as a structural and thermodynamic index

1 because it includes the overall change of both the force constants
(o) =5(1 — cosa) w €0, 1] 4) through AK® = ke — kg and the total energy through\®.
Evidently, the sign ofy indicates whether the TS is located
Applying the inverse transformation to eq 1, we obtain nearer the products (positiyg or nearer the reactants (negative
y). Then, for the case of endothermic procesgeé’ (> 0), we
Viw] = Vo] + Vi[] (5) have (see Figure 1a)
Volw] = AVPo + Kyo(l— o) Ky = ko + ky (6) y>0=p4,>05 (Hammond process)
V0] = (AR + AV)o(1 — 0)2w — 1) y <0=p£,<05 (anti-Hammond process)

AR = ks — kg (7) wheref, stands for the actual position of the TS of the reaction.

For exothermic processeA\® < 0), it can be similarly stated
Itis interesting to note that eq 5 can be regarded as a generathat (Figure 1b)

potential function describing the energy evolution along a RRC

for a general single-barrier process. Only wheiis given by y <0=0(,<0.5 (Hammond process)
eq 4, the symmetry-adapted LFS expansion for the torsional
potential arises. Hence, eq 5 is a general potential that for y>0=p,>05 (anti-Hammond process)

particular choices of the RRC takes the apropiate form for that
particular problem. Moreove¥,[w] has been successfully used Note that the signs of and AV° are the same for Hammond
for the rationalization of various chemical processes, although cases while they are opposite for anti-Hammond ones; therefore,
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Figure 1. Sketch of (a) endothermic and (b) exothermig Hammond
and  — —) anti-Hammond processes.

one can safely claim that for Hammond processes

_;/_=3AVO+AkO>0
AV° 2AV°

while for anti-Hammond processes

0
Ly 3V HAK

AV° 2A\°
a result that is summarized as follows:
yIAVO y>0 y <0
AV® > 0 Hammond anti-Hammond
AV <0 anti-Hammond Hammond

Note that also whemr = 0 and theny/AV° = 0 the reaction is
always anti-Hammond unlessV® = 0 andkr = kp because
symmetric reactions lie within the Hammond type of reactions,
as confirmed by eq 9. In such a case, the ing&x\/?° is not
defined.

It is quite clear by now that what corrects the rigidity of the
potential Vo[w] is the explicit consideration of an additional
degree of freedom, namelAk?, through the inclusion of
Vi[w]. Figure 2a) shows the effect of such a parameter by
plotting the family of curves spanned by a fixed sef{ &\?,

Ky} (arbitrarily taken as\V® = 1 andKy = 10) values while
allowing AK® to vary from —0.8Ky to 0.&y in a 0.Ky step
thus obtainingAk® = -8, —6, ..., 0, ..., 6, 8. Note in Figure 2
the caseAk® = —AWPO (thick line) in which V[w] = Vo[w]
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Figure 2. Curve family (a) spanned by fixedAV?, Ky} and—0.8Ky

< AK® < 0.8Ky. Vo[w] at { AV, Ky} is shown by the thick line. The
circles show the position of the TS. The horizontal gray line is located
at V[0.5] = V,[0.5] = Kv/4 + AVY2. Panel b shows a close up of the
TS region of panel a narrowing the range Af° within the interval
—0.8y = AK =< 0.

becauseAV? + Ak? = 0 and thenViw] = 0. Note that
according to the\k® value (for a giver{ AV, Ky}) a particular
process might present eithellate or anearly TS.

It is also worth noting that the value of the potentiakat=
0.5 is independent fromk®, which turns out to be quite obvious
because/;[0.5] = 0 (V[0.5] = V([0.5] = YKy + 1/2AV0). So
far, the pointw = 0.5 presents two remarkable properties,
namely, a derivative that qualitatively classifies a given process
through they index and a value for the potential that is
independent oAAKC.

Another conclusion drawn from Figure 2 is that whitd®
strongly influences the TS position, it has little effect on the
barrier height. Indeed, taking[w] as reference (thick line, with
the TS af = 0.55), as shown in Figure 2a,-&0.8Ky value for
AKC locates the TS position at 0.39 (roughly 30% from the
reference value of 0.55), while the change in the barrier height
amounts roughly to 4%. On the other hand, uski§ = 0.8y,
we obtain the position of the TS at 0.68 (roughly a 24% change)
and the change inV* goes up to 17%. It must be stressed that
such variations are limiting cases and in practice M&Ky
values are negative for endothermic cases and positive for
exothermic reactions because figeperpotential wells force
constants are expected to be quite high. In fact, we could further
constrain theAk® values to the interval-fKy, 0] for AV > 0
reactions while to [0Ky] for AV® < 0 cases because
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AV > 0—k, < ke— AK® < 0 is seen as a correction by the term AV + AK0)/(4Ky),
which may become quite important, while the perturbation to
AV < 00—k > ko— AKO > th.e Mar;us equation shown in eq 14 is qu¢e small.' Hence,
0~ ko = ke 0 within this new framework, the Marcus equation continues to
be reliable.

Hence, as seen in Figure 2Bk €[—Ky, 0], AV > 0), we
should expect small variations for the barrier heights (less than
4%). It should be stressed that such variations\éhtend, in
general, to shift the TS position toward the anti-Hammond
behaviors. 1 L(M)

2.3. The Brgnsted Coefficient.In the previous section, 2 2K\ do Jo=05
interesting information concerning the type of process was
obtained with the sole usage of three parametegske, and wheref[w] corresponds to eithe¥o[w] or V[w]. When using
AV9). Now, an expression for the Brensted coefficient by Vo[w], the above expression leads fioleq 9); the thermody-

It is interesting to note the similar structure that both the HP-
and EHP-consistent indexe$ &ndfSst) present:

maximizing V[w] can be obtained: namic indexA\? in eq 9 is replaced by a combined structural
thermodynamic index when the complete potential function
dViw] =0 V[w] is used instead, thus switching from the HP to the EHP
dw |w=p behaviors.
) ) 2.4, Extension to Nonrotational SystemsSo far, strictly
Note thatj’ = § becausg was obtained fronVo[w]. Solving speaking, all of these results are mainly applicable to rotational

for ' and choosing the correct solution of the quadratic gystems, for which the potential was originally propos&d.
equation, we obtain the following expression accounting for the Neyertheless, as stated in section 2.1, the expressiovédr

position of the TS: can be seen as a generalized potential function in a RRC, which
takes specific functional forms when specific RRCs are used,

L1 \/6(AVD + Ako)y + sz — Ky as is the case for rotational isomerizations. The main difficulty

B = 5>t 6V 1 AK) (12) in applying our results to nonrotational processes is the

calculation of force constants for reactants and products. While

The fact thatf’ is a maximum is ensured because the second for rotational isomerization a simple formula is readily avail-
ablel®> for other kinds of reactions the scheme is more

derivative ofV[w] at £' is given by—2\/3(4\P+Ak°)y+K ? complicated. Evidently, it would be desirable to be able to use
and hence, for real values gf, it necessarily corresponds to a 4 initio or experimental force constants.
maximum. In the present framework, an analytic expression for Evidently, when one uses the Marcus equation to estimate
AVF presents no practical interest because of the complicatede, from the knowledge of the reaction and activation energies,
expression that is encountered by puttiignto V[w]. Never-  {he coordinate system is the generalized RRQf we were
theless, the numerical values ff can be introduced in €9 5 apje to determine the individual force constants (or e in
providing values for the energy barriek{?) that are compa-  the same coordinate system, we would avoid the need for
rable to those obtained through the use of eq 10. explicit expression for the RRC, as eq 4 for the rotational cases;
In a recent articlé? it has been shown that a good ap- thjs js not a simple task. Fortunately, this situation can be

proximation toB' can be obtained through the use of bifurcation jrcumvented when noting thatk? can be expressed as follows:
theory (BT); this leads to

AR = KV(CK—_l) Co=-t (16)

1 3AV+AKL 1
=St =t ok C+1

ﬁ ~ ﬂBT - E + 4KV - 2 ZKV (13)

This is a very important result because it shows a linear This eXpI’eSSion foAkO is quite convenient because the value

relationship between the position of the TS any, which obtained for it is consistent with the coordinate system for the
suggests that the coefficient may be used not only to classify Kv value (for example, arising from the Marcus equation).
but also to quantify the EHP through the position of the TS.  Murdoch? when analyzing the conditions leading to Miller's
Even more, by substitutingsr into V[w], one obtains an  expression for the TS posmc?_rstated_ that “Theoretically, it is
expression for the energy barriem\(’gT), which can be conve-  duite mysterious why the barrier position should be independent

niently expressed in terms of the Marcus equatiah: of the specific functional form of the reaction coordinate and
should depend only on the barrier height and the reaction
V(Bar) = AVET — thermodynamics”. This is precisely what happens also with

0 s Marcus equation, and hence, the use of it for the estimation of
AVF -+ (AK™+ AVO)/AKO +5AV° s (14) Ky andAkP through eq 16 makes imdependenof the reaction
4K, \ 4 K2 coordinate. This fact reinforces the relationsgt with empirical

indexes such as the Brgnsted coefficient. This is truly the case

Note that these expressions, egs 13 and 14, are consistent witfp€Cause our proposal is to trggar as a correction t@ arising
the V[w] separation intd/o[w] and Va[w], that is, whenAk® + from Vo[w].

AV = 0 then V[w] = Vo[w] and the Marcus equation is Using eq 16, we may rewritdsr as
recovered from eq 14 whilg is recovered from eq 13. The P S
expression fopgr in terms off3, _ A\
Per ﬁ+4KV+4Ck+1 (17)

B =14 AL AVHAR_ o AV AR g

B
2 2K, 4Ky 4Ky which is the expression used in the estimation of the TS position
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TABLE 1: Studied Processes and Model Chemistries

number reactant product method refs
R1  t-HSNS c-HSNS HF/6-31G(d,p) 15
R2  t-FSNO c-FSNO HF/6-31G(d,p) 15
R3  t-CHO-CHO c¢c-CHO-CHO HF/6-31G(d,p) 15
R4 t-CFO-CHO ¢-CFO-CHO HF/6-31G(d,p) 15
R5 t-CCIO—-CHO c¢-CCIO—-CHO HF/6-31G(d,p) 15
R6  t-CHO-CHO c¢c-CHO-CHO HF/6-311G(d,p) 21
R7 t-CFO-CHO c¢-CFO-CHO HF/6-311G(d,p) 21
R8 t-CCIO—CHO c¢-CCIO—CHO HF/6-311G(d,p) 21
R9 t-CHO—-CHO c¢-CHO-CHO HF/6-31H#+G 21
R10 t-CFO-CHO c¢-CFO-CHO HF/6-313-+G 21
R11 t-CCIO—CHO c-CCIO—-CHO HF/6-318-+G 21
R12 t-CHO-CHO c¢-CHO-CHO HF/6-31%+G(d,p) 21
R13 t-CFO-CHO c¢-CFO-CHO HF/6-31%-+G(d,p) 21
R14 t-CCIO—CHO c¢-CCIO-CHO HF/6-313-+G(d,p) 21
R15 t-CHO-CHO c¢-CHO—-CHO B3LYP/6-31%+G(d,p) 21
R16 t-CFO-CHO c¢-CFO-CHO B3LYP/6-31%+G(d,p) 21
R17 t-CCIO—-CHO c¢-CCIO—-CHO B3LYP/6-31#+G(d,p) 21
R18 CI +CHsF CICH3+F B3LYP/6-31++G(df,pd) 22
R19 HCC: HCCH CCSD/6-311G(d,p) 23
R20 HONS HSNO HF/6-31G(d) 24
R21 HSO HSOH HF/6-31G(d) 24
R22 t-HOC=SH cHOC=SH HF/6-311G(d,p) 12
R23 t-HOC=SH c¢-HOC=SH B3LYP/6-311G(d,p) 12
R24 t-HOC=SH t-HO=CSH HF/6-311G(d,p) 25
R25 t-HOC=SH t-HO=CSH B3LYP/6-311G(d,p) 25
R26 t-HO=CSH c¢-HO=CSH HF/6-311G(d,p) 12
R27 t-HO=CSH c¢-HO=CSH B3LYP/6-311G(d,p) 12

for nonrotational systems witKy coming from the Marcus
equation andAk® from eq 16.

3. Computational Methods

Different model chemistries were used to address different
kinds of problems throughout this article. Indeed, because very R24
different processes are herein studied, the theoretical methods R25
range from HartreeFock to coupled-cluster techniques. Table
1 shows the different reactions studied, the level of calculations
employed to address each of them, and the corresponding R26
references on each subject. Figure 3 sketchs the different kinds R27
of processes studied. For all calculations, we have used the

Gaussian 98 packagfeo perform full geometry optimizations

at each stationary state of all systems; frequency calculationswhen X= H the reactions are R3, R6, R9, R12, and R15, when X
indicated whether they correpond to local minima or first-order F the reactions are R4, R7, R10, R13, and R16, and whenC{ the

saddle

points.

The force constant¥g=uansandke=cis) for rotational isomer-

izations were obtained through the following expression, which

required additional points on the PE&S15

whereN, is the number of computed energy points used to fit

Np Np

Kep= — Z‘ anci,n cosfogp) V(a)

(18)

local potential wells at R and R(a) is the energy at the point
o; andC;, are the elements of the inverse matrix [¢ag)] %

It has been shown that thkg/r values are, to a good approxima-

tion, independent o, and usingN, = 2 leads to quite good

results out of few energy points. Considering that the trans

isomer is defined to be at = 0° and hence the cis isomer to

be ata = 18C, kr = ki can be determined from the energy

pointso; = 0° ando, = 10°, while kp = k; can be estimated
from the energy points;; = 170° anda,; = 180°.15
Throughk; and k;, the parameter&y and Ak® are readily
estimated, and hencg, 3, ', andfst can be estimated through
egs 11, 8, 12, and 13, given the reaction enexyy from the
ab intio calculations. The energy barrier may be estimated from the Brgnsted coefficient must be compared with the reference
egs 10 and 14. Alternativel)Xy may be estimated from eq 10 3o value. As for nonrotational processes, there is no RRC
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Figure 3. Reactions considered in the present study. ForRB7,

reactions are R5, R8, R10, R14, and R17.

if AV*is known from the ab initio calculations. In such a case,
AK® may be estimated through eq 16 with the dimensionless
ratio Cx = kp/kg estimated from ab initio frequency calculations

at R and P. Consequently, the values o, A', andfgr can

be reevaluated. These two methodologies are used throughout
the numerical estimations when appropriate.

Reactions R+R17 correspond to rotational isomerizations.
The data for RER5 has been taken from previous stuéfiés
which the force constantkg andkp, have been estimated using
eq 18. The force constants for reactions—H#&8L7 have been
determined by both eq 18 and the ab initio calculations. The
remaining reactions, that is, RT¥&27, correspond to SN2
reactions (R18), intramolecular proton transfers (RR21, R24,
and R25), and rotational isomerizations (R22, R23, R26, and
R27). For all of these reactions, the force constants have been
estimated from ab initio frequency calculations.

While for rotational isomerizations the RRC is explicitly
defined and depends only on the dihedral angle, its optimized
value at the TS may be used in eq 4 to estimate the actual
position of the TS along the RR@B,. The estimated values for
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TABLE 2: Calculated and Estimated Energy Barriers, TS
Positions, and Type Assignment According tg/AV%

Bulat and Toro-Labbe

TABLE 3: Calculated and Estimated TS Positions (Brgnsted
Coefficients) and Type Assignments According tgho?

system AV, AV AVE,  fo y yIAV®  type system AV® kg kk B B B Bet type
R1 12.63 13.38 13.38 0.53 0.69—-4.60 aH R1 —0.15 26.00 27.83 0.53 0.50 0.51 0.51 aH
R2 12.76 13.89 13.87 0.52 0.81-0.36 aH R2 —2.21 25.83 34.07 052 0.48 0.51 051 aH
R3 7.81 7.22 7.04 0.60 4.50 079 H R3 569 11.74 3.66 0.60 0.68 0.66 0.65 H
R4 5.29 4.45 4.44 0.50 0.03 0.03 H R4 0.80 9.25 6.90 0.50 0.52 0.50 0.50 aH
R5 5.33 4.80 471 052 0.75 031 H R5 243 986 4.06 052 0.59 0.53 0.53 H
R6 6.84 6.18 6.16 0.58 5.34 098 H R6 5.44 843 2.78 0.58 0.74 0.74 0.74(0.63) H
R7 455 388 386 051 151 086 H R7 1.76 7.00 4.73 051 058 0.57 0.56(0.52) H
R8 4.09 3.60 3.52 0.50 1.28 058 H R8 219 6.77 2.76 050 0.62 0.57 0.57(0.50) aH
R9 6.83 6.40 6.20 0.57 4.54 0.81 H R9 560 9.72 199 057 0.74 0.72 0.69(0.62) H
R10 4.17 3.29 3.28 0.48 —0.19 —-0.25 aH R10 0.77 7.11 4.42 0.48 0.54 0.49 0.49(0.48) aH
R11 3.79 3.22 3.12 0.49 —0.17 —0.09 aH R11 1.88 7.33 136 049 0.61 0.49 0.49(0.44) aH
R12 6.41 5.89 5.84 0.65 5.34 095 H R12 563 7.44 122 0.65 0.83 0.83 0.83(0.67) H
R13 4.12 3.41 3.37 052 1.41 0.75 H R13 1.87 6.15 336 052 060 058 0.57(0.52) H
R14 3.36 2.74 2.62 0.50 0.91 045 H R14 201 526 105 050 0.66 0.58 0.57(0.48) aH
R15 5.95 4.93 497 0.61 4.72 1.05 H R15 448 6.16 2.15 0.62 0.77 0.77 0.78(0.61) H
R16 3.19 2.43 2.44 0.52 1.16 1.13 H R16 1.03 4.14 337 052 057 058 058(0.51) H
R17 2.58 1.91 1.86 0.47 —0.13 -0.13 aH R17 096 433 1.20 0.47 0.59 0.49 0.49(0.42) aH

2 Energies in kcal mot. aEnergies in kcal mat; force constants in kcal mol rad2.

18, shown in Table 3). Except for R1 and R2, all reactions are
endothermicAV® > 0 (see Table 3); accordingly, through the
HP, we should expect the TS for R1 and R2 todagly and

N A B those for R3-R17 to belate. We see that this is not the case
d(AB) = z Z(@ i~ D) (19) for reactions R1 and R2 witfi, > 0.50 and R10, R11, and

roIs R17 with 8o < 0.50. Note that the//AV? index successfully
identifies those reactions as anti-Hammond processes (see the
type entry); this confirms the reliability gff AV° as a qualitative
index.

Note that, strictly speaking, reactions R4, R8, and R14, for
which the TS is located midway between reactants and products
(with AVP == 0), correspond also to anti-Hammond behaviors;
our y/AV0 index fails in assigning the right behavior to these
reactions. Evidently, when the TS is closefic= 0.5, they
index should be close to zero (see thealue for R4). Hence,
small numerical error in the estimation of the force constants
may easily shifty from a negative to a positive value or vice
versa. Although thes value for R4 is small, indicating a TS
around 0.5, it is not the case for R8 and R14. Nevertheless, if
the ab initio force constants are used to estimatthe y/AV°
values for R8 and R14 are reevaluated to 0.02-a821. This
better qualitative classification is clearly a consequence of the
more accurate index, which provides a better agreement with
the o, as seen in Table 3.

The Brgnsted Coefficierifable 3 shows the reaction energy,
the force constants (through eq 18), and the Brgnsted
coefficients from eqgs 8, 12, and 13,', andfgr, respectively.
The value in parentheses under thg entry is estimated from
the ab initio force constants (not shown).

As seen from Table 3, the coefficient, which follows from
a HP-consistent potential function, assidgie or early barriers

expression; hencgy is not defined, and our reference will be
defined in terms of the following structural distance:

Where@fj- are the elements of the distance matrix for structure
X and N is the number of atoms iX. Because the distance
matrix hasN(N — 1)/2 distinct elements and any-nuclei
structure hasS — 6 degrees of freedom, it is evident that the
distance matrix completely specifies a rigid body becal@é
—1)/2= 3N — 6 forallN = 3 (in fact, wherN > 4, it specifies

an overrigid body). This definition can be shown to correspond
to a metric of a 8l — 6 configurational space. The measure of
the relative distance from reactants to TS,

dRTY

"S4RT9 +dTsp 0"t

(20)

should be comparable to the Bragnsted coefficient. Althotigh
does not correspond to tleElvancement of the reactioat the

TS because this later should be related to the length of the
reaction path, it should in general provide a reference for the
relative TS position.

4. Results and Discussion

4.1. Rotational Isomerization Reactions: RTR17. The
Barrier Height and the HP Behaor. It was stated in section
2.2 that the barrier height should not be affected by the
correctionV;[w] to the model potentiaV/o[w] (see Figure 2).

Table 2 shows the calculated\\;) and estimated energy to all processes according to Hammond's postulate, although

barriers (through both egs 10 and 14, entreé’ and AVET, some of them are not Hammond-like processes as can be seen

respectively). It is quite obvious that the term that is summed from the type assignmeng’ andfgr present almost identical

up to the Marcus equation to yiem\/;T (eq 14) is fairly small numerical values, although the later is a drastic approximation

because practically there is no variation from the* values. to 5. This is, in general, a consequence of the range of validity

This result confirms the statement of section 2.3 suggesting thatof Sgr in the parameter space. Although it will not be discussed

unlike the TS position the height of the barrier is not affected here, it is worth mentioning that chemical reactions, within the

by structural parameters such Ak°. range studied in this article, span a very narrow subspace of
While the Hammond or anti-Hammond character of a given the parameter space, which coincides with the also narrow

process may be determined by observing the TS position alongsubspace of validity of the BT approximatiéh.

the RRC and the sign af\/°, the newly proposed coefficients It is noteworthy thatfst successfully estimates all of the

y andy/AVP provide a precise characterization of the processes rotational barriers to blate or early according to the Hammond

in terms of the HP. Table 2 also shoyg (the actual location or anti-Hammond character of the processes, except in the case

of the TS),y, andy/AVP indexes (force constants through eq of R8 and R14. The values in parentheses under the gptry
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TABLE 4: Estimated TS Positions (Brgnsted Coefficients)
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system species energy active mode v k (% Ky PBet 7(Bo) I}

R18 R 0.00 [N 943.4 5.09
TS 27.40 0.23 34.1 0.94 0.96 0.90
P 27.03 [N 392.7 1.1724

R19 R 0.00 w1 268.2 0.06
TS 5.13 6.40 84.3 0.30 0.33 0.25
P —42.69 [on 750.8 0.36

R20 R 0.00 ws 1230.1 1.90
TS 39.82 0.48 174.9 0.38 0.30 0.48
P —-8.01 [on 1927.7 0.92

R21 R 0.00 w3 1208.1 1.06
TS 39.20 1.08 216.7 0.39 0.39 0.43
P —32.39 [on 1341.3 1.15

R22 R 0.00 w2 723.0 0.42
TS 14.53 0.43 445 0.51 0.55 (0.52) 0.57
P 6.34 w2 521.9 0.18

R23 R 0.00 w2 693.1 0.40
TS 15.56 0.44 49.92 0.49 0.55 (0.51) 0.56
P 5.81 w2 520.6 0.18

R24 R 0.00 w1 509.2 0.73
TS 44.84 0.88 184.3 0.47 0.59 0.49
P —2.48 w2 474.3 0.64

R25 R 0.00 w1 466.1 0.59
TS 31.34 0.93 128.2 0.48 0.60 0.49
P —1.45 w2 431.0 0.54

R26 R 0.00 w1 422.4 0.13
TS 8.79 0.66 32.8 0.48 0.45 (0.48) 0.52
P 1.19 w1 355.6 0.09

R27 R 0.00 w1 428.3 0.13
TS 9.98 0.71 37.5 0.48 0.46 (0.49) 0.52
P 1.18 w1 374.7 0.10

aEnergies in kcal mot; force constants in mdyn A&; frequencies in cmt.

which were determined from ab initio force constants with

andfgT are quite similar, while the index deviates from them

as the active normal mode, in most cases improve the resultsin almost the same amount. Note that R24 and R25 correspond

and in particular in the case of R8 and R14. While it might

to the same proton-transfer reaction at different levels of theory.

appear evident that this improvement is due to the more accurate The overall good agreement @fsr with 7 is indeed an

force constant ratic&, from the ab initio calculations, part of
the improvement actually comes from a better estimatk,of
when obtained from the Marcus equation.

4.2. Intramolecular Reordering Reactions: R18-R27.

Table 4 shows the energies of reactant, transition state, and

products of the R18R27 reaction set. Along with them, the
normal vibrational mode that leads rectants and products into
TS is shown; these normal modes have frequenend force
constantsk. As outlined in section 2.4Ky arises from the
Marcus equation (using calculatedV¥) and Cy, the ratio
between the ab initio force constants. Remember thatan
index defined through the distance matrix (eq 20), whefeas
and fBgr arise from Vo[w] and V[w] potential functions,
respectively. Values g8 andfBgr should be compared with the
referencer index. For R22, R23, R26, and Rg7andfgr have
to be compared with the value in parentheses under émry,
which corresponds t6y, because these reactions also correpond
to rotational isomerizations.

In general, there is good agreement between BathdSgr
and ther index, although th@gr values are in better agreement
with 7 specially in R18-R21. For those cases, the mean absolute
deviation (MAD) of g and fgr from 7 is 0.09 and 0.03,
respectively. Within the rotational processes (R22, R23, R26,
and R27), the deviation with respectitds 0.04 for both3 and
PBer. Nevertheless, when compared with tfig values (in
parentheses)jgt shows a far better agreement thafMAD
equals 0.01 and 0.04, respectively). For R24 and R255the

interesting result, although it should be noted that comparisons
should not be taken too far because of the very different nature
of these two indexes.

5. Concluding Remarks

An extension of the Hammond postulate that includes
structural information in the characterization of the Hammond
or anti-Hammond behavior of chemical reactions was presented.
It has been shown that the inclusion of the force constants
associated with reactants and products through an additional
structural parameter makes the difference between the HP and
the EHP; the thermodynamic tendency imposed by the HP is
modulated, or surpassed, by the structural characteristics of
products and reactants.

It has been shown that switching from HP to EHP behaviors
through adding a new term in the potential energy function
strongly influences the TS position through the structural-
thermodynamic index, which determineggr, but has little
effect on the barrier height. The Marcus equation for the energy
of the transition state remains, to a large extent, valid within
the EHP scheme.

The theoretical development presented is strongly supported
by the numerical results allowing a complete characterization
of different types of chemical reactions.
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