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A Dataset of Highly Accurate Homolytic N—Br Bond
Dissociation Energies Obtained by Means of W2 Theory

Robert J. O'Reilly*™ and Amir Karton™!

Homolytic N—Br bond dissociation constitutes the initial step
of numerous reactions involving N-brominated species. How-
ever, little is known about the strength of N—Br bonds toward
homolytic cleavage. We herein report accurate bond dissocia-
tion energies (BDEs) for a set of 18 molecules using the high-
level W2 thermochemical protocol. The BDEs (at 298 K) of the
species in this set range from 162.2 kJ mol™" (N-bromopyrrole)
to 260.6 kJ mol~" ((CHO),NBr). In order to compute BDEs of
larger systems, for which W2 theory is not applicable, we have
benchmarked a wide range of more economical theoretical

Introduction

The chemistry of N-brominated compounds (i.e., molecules con-
taining an N—Br bond) is diverse, with such species being of
significant importance in organic chemistry,”" 3! and biochemis-
try."7! In addition, N-brominated biocidal polymers have also
been developed for use in the disinfection of water®'® and
sterilization of stainless steel surfaces."" Regarding the mecha-
nisms by which N-brominated species react with organic mole-
cules, while a number of reactions are known to proceed via
ionic pathways (i.e., via the delivery of Br®"),""? many also pro-
ceed via free-radical mechanisms. In the case of many of the
free-radical reactions, homolytic cleavage of an N—Br bond
(affording a nitrogen-centered radical and bromine atom) con-
stitutes the initiation step [Eq. (1)]:

RR'N-Br — RR'N- + Br- (M

Examples of reactions involving initial N—Br bond homolysis
include: (i) The well-known Hofmann-Loffler-Freytag reaction,
in which N-bromoalkylammonium derivatives containing a o-
hydrogen may be cyclized to form pyrrolidines," (i) The reac-
tion between N-bromophthalimide and alkynes, in which the
products are alkenes containing a bromine atom and imide moi-
ety vicinal to each other,"" (jii) The photochemical bromination
reactions of alkanes affording bromoalkanes,!" (vi) The degra-
dation of extracellular matrix and its components via the forma-
tion of glycosaminoglycan-derived nitrogen-centered radicals,”’
and (v) The oxidation of alcohols to aldehydes or ketones with
phenyl N-bromoketimine.!"®

Given that homolytic N—Br bond cleavage constitutes the
initiation step for numerous reactions involving N-brominated
species, knowledge of the strength of N—Br bonds is of the
utmost importance. However, to the best of our knowledge,
very little data exist in the literature concerning the strength
of N—Br bonds toward homolysis. This article overcomes this
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procedures. Of these, G3-B3 offers the best performance (root-
mean-square deviations=2.9 kJ mol™"), and using this
method, we have computed N—Br BDEs for four widely used
N-brominated compounds. These include (BDEs are given in
parentheses): N-bromosuccinimide (281.6), N-bromoglutarimide
(263.2), N-bromophthalimide (274.7), and 1,3-dibromo-5,5-
dimethylhydantoin (218.2 and 264.8 kJ mol™'). © 2015 Wiley
Periodicals, Inc.

DOI: 10.1002/qua.25024

void by: (i) computing highly accurate N—Br bond dissociation
energies (BDEs) for 18 systems (which contain prototypical
functional groups found in synthetically-relevant N-brominated
species) using the W2 thermochemical protocol,”"” (i) assess-
ing the performance of a wide range of more economical the-
oretical procedures (namely, density functional theory (DFT),
double hybrid DFT (DHDFT), standard and composite ab initio
methods) for their ability to accurately calculate N—Br BDEs,
and (i) using the best performing lower-cost theoretical
method to compute N—Br BDEs for four widely employed N-
brominated species (namely the N-bromo derivatives of succi-
nimide, glutarimide, phthalimide, and the dibrominated deriva-
tive of 5,5-dimethylhydantoin).

Computational Details

The geometries of all species were obtained at the B3LYP/
A'VTZ level (where A'VnZ indicates the combination of cc-pVnZ
for H and aug-cc-pVnZ for all other elements),"®'¥ and were
confirmed to be equilibrium structures (i.e.,, consisting of all
real frequencies) by way of harmonic vibrational frequency cal-
culations, which were performed at the same level of theory.
The zero-point vibrational energy (ZPVE) and enthalpy
(H\ib(298 K)) corrections resulting from these frequency calcu-
lations have been used in later steps (vide infra). These correc-
tions have been scaled according to literature scaling factors,
namely 0.9884 for the ZPVE and 0.9987 for H,;,(298 K).2% All
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geometry optimizations and frequency calculations were per-
formed using Gaussian 09 (Revision D.01).2"

High-level N—Br BDEs were then obtained at the W2 level!"”
(using the Molpro 2012.1 program suite),*? as described in
Ref. 23. For the sake of keeping this article self-contained, the
steps involved in obtaining the W2 energies are briefly
described. The ROHF component is obtained by way of a two-
point extrapolation (using the E(L) = E.. + A/L®> formula) based
on energies obtained in conjunction with the A'VQZ and
A'V5Z basis sets. The valence ROCCSD correlation energy is
obtained using the same basis sets, but with the
E(L) = E,, + A/L> two-point extrapolation formula. The (T)
valence correlation component is obtained with the same
extrapolation formula, but in conjunction with the A'VTZ and
AVQZ basis sets. The inner-shell correlation contribution is
obtained at the CCSD(T) level using the MTsmall basis set.'”
For bromine atom and bromine-containing molecules, the five
lowest energy orbitals of bromine (i.e, 1s, 2s and 2p) orbitals
are frozen. The scalar-relativistic contribution is obtained from
second-order Douglass—Kroll-Hess"**2*! CCSD(T)/MTsmall calcu-
lations. An atomic spin-orbit correction of 14.69 kJ mol™' has
been applied to Br-® In addition, scaled ZPVE and Hy;,(298 K)
corrections have been included, leading to BDEs at 298 K (vide
supra).

The DFT exchange-correlation functionals considered in this
study (ordered by their rung on Jacob’s Ladder)'*”! are the pure
generalized gradient approximation (GGA) functionals: BLYP,2%2%
B97-D,*” HCTH407,2" PBEP? BP86,*°** SOGGA11,** and
N12;%* the meta-GGAs (MGGAs): M06-L,*® TPSS,B” ¢-HCTH,*¥
VSXCB? M11-LB and MN12-L;*" the hybrid-GGAs (HGGASs):
BH&HLYP? B3LYPP84344) B3pge, 3344 B3pW91, 14451 pREQ,1*%!
B97-1,1471 B98, 1“8 X3LYP™ and SOGGA-11X;*% the hybrid-meta-
GGAs (HMGGAs): M05,°" M05-2X,”? M06,”* M06-2X,** M0o6-
HF>% BMK,>* B1B95,%9°% PW6B95,%! TPSSh,*”! and 7-HCTHA;P®
the DHDFT procedures (which have been evaluated within the
frozen-core approximation):*® B2-PLYP®? ROB2-PLYP'*® B2GP-
PLYP®" B2K-PLYP®? B2T-PLYP®*) DSD-BLYP®* DSD-PBEP86,°*>!
and PWPB95.%! |n addition to the global HGGAs and HMGGAS,
we also consider the following range-separated (RS) functionals:
CAM-B3LYP'! LC-wPBE"®® ®B97,%" wB97X,*” «B97X-D!?
HSE06,”" HISS,”? N12-SX,*) MN12-5X”*! and M11.7% For some
functionals, we have also included empirical D3 dispersion correc-
tions,”>~””! which make use of the Becke-Johnson”® damping
potential as recommended in Ref. 75 (denoted by the suffix-D3).
The standard DFT calculations were carried out in conjunction
with the A'VTZ basis set, while the DHDFT calculations, due to
their slower basis set convergence,”? were carried out with the
AVQZ basis set.

In addition, the performance of various composite thermo-
chemical procedures and standard ab initio methods are also
assessed. We consider the following composite procedures
(which we have run using the respective keywords in Gaussian
09): G4%% GaMmP2)BY G4MP2)—6X,®? G3-B3/% G3(MP2)-
B3,%¥ CBS-QB3,** and ROCBS-QB3.® It should be noted that
the G3-B3 calculations reported in section 3.6 are based on
the use of geometries (and harmonic vibrational frequencies)
obtained at the B3LYP level in conjunction with the larger
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Table 1. Component breakdown and final homolytic N—Br bond dissocia-
tion energies at 298 K (kJ mol ™).

Molecule ASCF ACCSD A(T) ACV ARel. BDE” BDE,o™
NH,Br (1) 100.2 1259 182 2.1 —24 2464 2174
NH;Br (2) 1346 1285 160 13 0.0 2805 2524
MeNHBr (3) 869 1249 193 21 -—21 2331 206.5
MeNH,Br* (4) 996 1171 159 1.0 0.0 2336 205.2
Me,NBr (5) 70.0 1272 207 21 —18 2199 195.4
Me,NHBr" (6) 63.8 1211 179 10 00 2038 177.6
CF3NHBr (7) 87.1 1300 189 24 -—21 2384 214.2
N-Brimidazole (8) 64.0 1044 170 37 —26 189.0 165.4
N-BrPyrrole (9) 64.1 1022 164 3.7 —27 1865 162.2
HCONHBr (10) 1348 1083 156 28 —29 2614 236.2
MeCONHBr (11) 1238 1140 157 26 —28 256.1 230.7
FCONHBr (12) 116.8 119.0 155 27 —27 2540 228.7
(NC)CONHBr (13) 1342 1123 158 28 —27 2652 239.7
HCONMeBr (14) 113.7 1155 183 26 —27 250.1 225.0
H,NCONHBr (15) 103.2 1222 179 25 —25 2458 2211
(CHO),;NBr (16) 143.1 1220 177 26 —22 2854 260.6
H,C=NBr (17) 555 1227 207 1.7 —15 2006 176.5
MeCH=NBr (18) 599 1245 212 18 —16 2073 185.4
[a] All-electron, vibrationless, nonrelativistic N—Br bond energies which
are used for assessing DFT, DHDFT, and composite and standard ab ini-
tio procedures. [b] N—Br bond dissociation energies at 298 K, which
include scalar relativistic effects, a spin-orbit contribution for Bre, and
zero-point vibrational energy, and enthalpy corrections (the ZPVE and
H,in(298 K) corrections are given in Supporting Information Table S2).

A'VTZ, rather than the default 6-31G(d), basis set. We consider
the following ab initio methods: MP2, SCS-MP2,%" MP3,
MP3.5,%71 SCS-MP3,81 MP4, MP4,,,®¥ CCSD, and CCSD(T). All
DFT, DHDFT, composite thermochemical and standard ab initio
calculations were performed using Gaussian 09 (Revision
D.01)?' and ORCA (Version 3.0.1).°%°Y To assist in the analysis
of substituent effects, natural bond orbital (NBO) calcula-
tions® at the B3LYP/A'VTZ level have been performed using
Gaussian 09 (Revision D.01).

Results and Discussion
Overview of the set of 18 N-Br BDEs

We begin by briefly introducing the set of 18 homolytic N—Br
bond dissociation energies (BDEs), which we have obtained
using the high-level W2 thermochemical protocol (Table 1).
We have tabulated both electronic values (BDE,) and values
corrected to 298 K (BDE,gg). Since W2 theory constitutes a
layered extrapolation to the CCSD(T) basis-set-limit, it is of
interest to estimate whether post-CCSD(T) excitations are
likely to contribute significantly to the bottom-of-the-well,
nonrelativistic electronic BDEs. The percentage of the total
atomization energy accounted for by parenthetical connected
triple excitations, %TAE.[(T)], has been shown to be a reliable
energy-based indicator as to the importance of post-CCSD(T)
contributions.>=*! It has been suggested that %TAE.[(T)] < 2
indicates systems that are dominated by dynamical correction,
while 2 <%TAE[(T)]<5 indicates systems that include
mild nondynamical correlation.”® The %TAE.[(T)] values for all
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Figure 1. Mulliken spin densities for the pyrrolyl and imidazolyl radicals
obtained at the B3LYP/A'VTZ level.

of the species involved in obtaining the N—Br BDEs range
from 0.6 (NH3") to 3.9% ((NC)CONHBYr) (Supporting Information
Table S1). These values indicate the reliability of the
CCSD(T) method for the calculation of bottom-of-the-well
BDEs, and indicate that such values should be well within ~1
kcal mol™" from the full configuration interaction (FCI) basis-
set limit.

From a theoretical perspective, it is of interest to briefly con-
sider the contributions of the various components to the BDEs
(Table 1). As is to be expected, the underlying Hartree—Fock
(i.e., ASCF) components represent drastic underestimations of
the BDEs. In that regard, the inclusion of the ACCSD contribu-
tion serves to substantially increase the BDEs. Inclusion of par-
enthetical triples excitations (i.e, A(T)) further increase the
energies, although by much smaller amounts compared with
the ACCSD corrections. The core-valence correlation terms (i.e.,
ACV) adopt positive values ranging from 1.0 to 3.7 kJ mol ™,
and for the most part, are almost cancelled by the relativistic
corrections (ARel.) (i.e., the sum of these components ranges
from —0.3 to +0.4 kJ mol~"). The main exception to this is for
the N-bromoammonium species, where the relativistic correc-
tions are negligible.

The parent system, NH,Br, is computed to have a BDE,gg
value of 217.4 kJ mol™", but upon the introduction of substitu-
ents, the BDE,og values range from 162.2 kJ mol™' (N-bromo-
pyrrole) to 260.6 kJ mol~" ((CHO),NBr). The comparatively low
BDEs of the heterocyclic systems N-bromopyrrole (162.2 kJ
mol~") and N-bromoimidazole (165.4 kJ mol™"), may be attrib-
uted, in part, to the relative stabilization of the radical prod-
ucts. In particular, in contrast to the radicals arising via the
dissociation of the other 16 species, the unpaired electrons in
the pyrrolyl and imidazolyl radicals are delocalized on the less
electronegative carbon atoms rather than on nitrogen, as
demonstrated by Mulliken spin densities (obtained at the
B3LYP/A'VTZ level, Fig. 1).

By way of contrast, introduction of two electron-withdrawing
formyl substituents to the nitrogen center (as in (CHO),NBr)
results in the largest N—Br BDE (260.6 kJ mol ). This finding can
be rationalized using the same arguments invoked previously in
accounting for the relatively large N—H BDEs of imides.”=® In
particular, strong stabilizing interactions between the lone-pair of
nitrogen and the n*.—o orbitals of the carbonyl groups in
(CHO),NBr are largely lost upon formation of (CHO),N-. This is
consistent with our finding, and the findings of others,””*% that
(CHO);,N+ adopts a 7- rather than o-ground state. Thus, in the rad-
ical, it is the unpaired electron, not the lone pair, that interacts
with the carbonyl substituents.

Wiley Online Library

To quantify the magnitude of delocalization effects that are
lost upon going from the closed-shell parent ((CHO),NBr) to the
radical product ((CHO),N-), we have performed NBO calculations
at the B3LYP/A'VTZ level. In particular, we find that whereas
the two lone-pair — n*—g interactions in (CHO),NBr are associ-
ated with especially large stabilization energies (E(3) of 188.0 kJ
mol~! per interaction, the two largest such interactions in
(CHO),N- have E, values of just 19.2 and 21.5 kJ mol". The
same effects, although smaller in magnitude, also account for
the relatively large BDEs of the monocarbonyl-containing spe-
cies, which range from 221.1 (H,NCONHBr) to 239.7
((NC)CONHBr) kJ mol™". Previous theoretical®~'” and experi-
mental studies!'°’'%" support the notion that amidyl radicals,
of the type considered in this investigation, adopt a n- rather
than g-ground state.

The commercially available reagent N-bromoacetamide
(CH3CONHBYr), which may be prepared via the reaction of acet-
amide with bromine under strongly alkaline conditions,'% is
computed to have a BDE of 230.7 kJ mol~". The larger BDE of
N-bromoacetamide compared with the BDEs of MeNHBr
(206.5) and Me,NBr (195.4 kJ mol "), is consistent with experi-
mental observations indicating that the former possesses
greater stability. In this regard, although CH3CONHBr is a solid
with a melting point of 102-105C,"®! MeNHBr and Me,NBr
are relatively shorter-lived species.”"®*'%”! The N-bromo deriva-
tive of urea (H,NCONHBTr), which has been used in the selec-
tive oxidation of tryptophan residues!'?®'% is associated with
a slightly smaller BDE (221.1 kJ mol~") when compared with
CH3;CONHBr.

In comparison with the BDEs of MeNHBr (206.5) and Me,NBr
(1954 kJ mol™"), the conjugate acids of these species (i.e.,
MeNH,Br" and Me,NHBr*") are associated with BDEs that are
reduced by 1.3 and 17.8 kJ mol ™', respectively. This finding sup-
ports the notion that the strongly acidic conditions employed in
the Hoffman-Loffler-Freytag reaction facilitate thermally
induced homolytic N—Br cleavage.l'*! Also of note are the rela-
tively low BDEs of the N-bromoimine derivatives, H,C=NBr and
MeCH=NBr, for which we compute values of 176.5 and 185.4 kJ
mol ™', respectively. The relatively low BDEs of such species sup-
port the proposal that N-bromoketimine-induced oxidation of
alcohols to aldehydes or ketones proceeds via a mechanism
involving the formation of an iminyl radical.!'®

Finally, it is of interest to point out that although N-chloropyr-
role has been isolated and studied,”''®! N-bromopyrrole remains
elusive. It seems plausible that the particularly low N—Br BDE of
N-bromopyrrole (162.2 kJ mol~") would render the production
of this compound a significant challenge, especially given that
the N—CI bond of N-chloropyrrole is substantially stronger
(203.7 kJ mol™).""" However, it should be noted that even 2-
and 3-bromopyrrole, species that contain stronger C—Br bonds,
are also known to possess very limited stability."'?

Performance of conventional DFT procedures for the
calculation of N—Br BDEs

We have assessed the performance of 53 conventional DFT
procedures across the set of 18 N—Br BDEs provided in Table
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1. Itis m_]portant to pF)Int out that we are C?mparlng the DFT Table 2. Statistical performance of conventional DFT procedures for the
values with W2 energies (BDE,) that do not include secondary calculation of homolytic N—Br bond dissociation energies relative to W2
effects not explicitly accounted for in the DFT procedures (i.e., reference values (kJ mol~").2?!
relativistic, ZPVE, and spin-orbit effects). Table 2 gives the root-
mean-square deviations (RMSDs), mean absolute deviations Type Method RMSD MAD  MSD LD NO
(MADs), mean signed deviations (MSDs), and number of out- GGA HCTH407 301 279 —279 530 (6) 17
. oo . . . BLYP 294 271 =270 446 (6) 17
I|er§ (NOS, arbitrarily def|1ned as the number of species having SOGGAT1 201 264  +260 452 (2) 16
deviations >10 kJ mol™ '), from the benchmark W2 results. B97-D3 206 188 —188 322(16) 13
Regarding the performance of the considered procedures, we BLYP-D3 159 136 —126 27.0(16) 12
make the following general observations: N12 139 120 +88  263(8) 9
PBE-D3 129 103  +81 240 (8) 7
] ) ] BP86 119 104 —-49 262 (6) 8
Of the 53 functionals that we have considered (i.e., GGA, BP86-D3 11.4 92  +67 224 (8) 6
MGGA, HGGA, HMGGA, and RS), none attain RMSDs below the PBE 11.0 91 +18 207 (6) 8
threshold of chemical accuracy (<4.2 kJ mol™"). In particular, MGGA VSHXCCTH ;i'z ig'g ’ig'g j;'i E:; 1?
. 1 - . R —22. .
~90% of the functionals have RMSDs that are >10 kJ mol ™ ". MN12-L 2.7 20 -220 369 (6) 18
The inclusion of the D3-dispersion correction offers moder- MO06-L 203 186 —186 382 (6) 16
ate to large improvements in performance (by amounts rang- TPSS 18.1 156  —156 325(6) 12
ing from 0.5 (BP86) to 13.5 (BLYP) kJ mol™"), except in the I;S1S>|_D3 18'2 2'3 :;; ig'? Eg; ;
case of PBE (where a deterioration of 1.9 kJ mol™" is seen). HGGA  BH&HLYP 554 553  —553  64.9(6) 18
The best performing methods are: BMK-D3 (RMSD = 7.0), B3LYP 311 303 —303 458 (6) 18
MN12-SX (7.4), M11 (7.4), and M06-HF (7.8 kJ mol™"). In con- X3LYP 291 284 284 436(6) 18
B3PWO1 222 210 —21.0 404 (6) 18
trast, BH&HLYP offer_s1 by far the worst performar.mce SOGGAT1X 215 209 —200 326 (6) 17
(RMSD =554 kJ mol™ "), although other poor performing B9S 205 193 —193 355 (6) 16
methods include: MO5 (34.2), B3LYP (31.1), and HCTH407 (30.1 B3LYP-D3 19.1 184 —184 283 (6) 16
kJ mol™"). PBEO 164 150 —150 336(6) 13
. L B97-1 16.1 145 —145 306 (6) 13
For 44 of the 53. functionals surveyed, thf largest deviations B3PS6 119 97 —96 288 (6) 9
were associated with molecule 6 (Me,NHBr™). PBEO-D3 10.9 92 —92 251 (6) 7
An overwhelming majority of the functionals underestimate B3PW91-D3 10.5 90 —88 225(6) 8
the BDEs, with most doing so systematically (i.e., MSD = —1X HMGGA QAPOSSSh ;‘z"i ;?‘2‘ ’2?-‘2‘ gg; Eg; 157‘
MAD). Only six of the considered functionals are associated with BMK 155 144  —144 298 (6) 13
positive MSDs, and with the exception of MO06-HF, they all PW6B95 15.2 138 —138 307 (6) 14
belong to the GGA family. 7-HCTHh 148 128 —127 307 (6) 1
B1B95 143 124 —124 320(6) 12
Beginning with the performance of the GGAs, for which we mgg-zx 1‘2"2 1?'2 ::?2 ig; E:; 1;
have evaluated 10 such functionals, the best performing meth- M05-2X 122 118 —118 170(6) 12
ods exhibit RMSDs of 11.0 (PBE) and 11.4 (BP86-D3) kJ mol . PW6B95-D3 1.5 100 —99  252(6) 7
In contrast, the worst performing procedures are: HCTH407 mi";'; 7~g 68 165 1‘6‘-3 E:; ;
- - 7. 54 —45 16
(30.1), BL\.(P (2?.4), and SOGQAH .(29.1 kJ rr?ol ). As. for the RS CAM-B3LYP 276 270 —270 407 (6) 18
effect of including the D3 dispersion correction, we find that: LC-oPBE 266 258 —258 396 (6) 18
(i) the RMSD of BLYP-D3 (15.9 kJ mol™ ") is 13.5 kJ mol~" lower HISS 25.2 243  —243 403 (6) 18
than the parent BLYP functional, (i) only a very modest CAB';/';B3LYP'D3 ;(]J'g ?;5 ’f;‘i :g'g E:; };3
. —1N . w . . —19. .
improvement (of 0.5 kJ mol™") is noted in the case of BP86 vs. LC-PBE-D3 201 190 190 299 (5,6) 18
BP86-D3, and (iii) of all of the conventional DFTs surveyed, PBE ®B9I7X 197 190 —19.0 294 (6) 17
is the only functional for which inclusion of the D3 term ®B97X-D 187 179 —179 31.0(6) 17
results in a deterioration in performance (by 1.9 kJ mol™"). :?EOSX 1;'; 12'? :;52’8 ;‘;'Z Eg; 135
Moving up one rung of Jacob’s ladder to the MGGAs (which MN12-SX 24 56 —56 192 (6) 3
include the kinetic energy density), we do not find any substan- M11 74 56 —46 159 (6) 4
tive |mprovemen.t inperformance .compared with the GGAs. [a] The calculations are carried out in conjunction with the A'VTZ basis
The best performing methods of this class are M11-L and TPSS- set. [b] RMSD = root mean square deviation, MAD = mean absolute
D3 (with RMSDs of 10.5 and 10.9 kJ molﬂ, respectively), while deviation, MSD = mean signed deviation, LD = largest deviation in
the worst performing methods are t-HCTH (24.3) and VSXC absolute value (the molecule associated with the largest deviation is
W |,1 Il of th id d d d d indicated in parentheses), NO = number of outliers (species with devia-
(289 mol ™). All of the considered MGGAs tended to under- tions from W2 reference values>10 kJ mol™"). [c] GGA = generalized
estimate the bond energies. The inclusion of a D3 correction gradient  approximation, HGGA = hybrid-GGA, MGGA = meta-GGA,
was only investigated in the case of TPSS, and doing so resulted RS = range-separated, HMGGA = hybrid meta-GGA.

in a substantial improvement in performance (by 7.2 kJ mol ™).
The HGGA procedures offer performance that is comparable
to that of the GGAs and MGGAs. Namely, the best performing
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methods are B3PW91-D3 (RMSD = 10.5), PBEO-D3 (10.9), and
B3P86 (11.9 kJ mol™"). Of all the conventional DFTs investi-
gated, the HGGA procedure BH&HLYP offered by far the worst
performance (RMSD = 55.4 kJ mol~"). The popular B3LYP func-
tional performs quite poorly with an RMSD of 31.1 kJ mol ™"
and an LD of 45.8 kJ mol™". As for the effect of the D3 disper-
sion correction, performance improvements of 5.5, 11.7 and
12.0 kJ mol~" were noted in the case of PBEO, B3PW91, and
B3LYP, respectively.

Of the HMGGA procedures, the best performance is noted
in the case of BMK-D3 (RMSD=7.0) and MO06-HF (7.8 kJ
mol~"). For both of these procedures, the number of outliers
is just three, with largest deviations of 16.0 and 14.5 kJ mol ™',
respectively. The worst performing method is M05, with an
RMSD of 34.2 and an LD of 50.2 kJ mol~". Although all of the
HMGGAs tend to systematically underestimate the BDEs (with
the MSDs ranging from —4.5 to —33.4 kJ mol™"), M06-HF sys-
tematically overestimates them (MSD = +6.5 kJ mol™").

Moving now to the range-separated functionals, we find
that only three of the 12 procedures are associated with
RMSDs below 10 kJ mol~', namely: M11 (7.4), MN12-SX (7.4),
and N12-SX (9.5 kJ mol™"). In fact, the next best method of
this class is HSE06, with an RMSD of 17.1 kJ mol™~". The worst
performing methods are HISS, LC-wPBE, and CAM-B3LYP with
RMSDs of 25.2, 26.6, and 27.6 kJ mol™", respectively.

Performance of DHDFT procedures for the calculation
of N—Br BDEs

Attention is now turned to the performance of various DHDFT
procedures, which extend upon conventional DFTs by addi-
tionally including the virtual orbitals. Due to the slower basis
set convergence of DHDFTs vs conventional DFT methods, we
have used the larger AVQZ basis set, rather than A'VTZ, for
evaluating these methods. The statistical performance of these
methods is provided in Table 3.

Of the 13 DHDFT procedures considered, 10 are associated
with RMSDs that are lower than 10 kJ mol~', though none
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Table 3. Statistical performance of DHDFT procedures for the calculation Table 4. Statistical performance of composite thermochemical protocols

of homolytic N—Br bond dissociation energies relative to W2 reference for the calculation of homolytic N—Br bond dissociation energies relative

values (kJ mol~").2®] to W2 reference values (kJ mol™").!

Method RMSD MAD MSD LD NO Method RMSD MAD MSD LD NO

DSD-PBEP86-D3 11.6 9.3 +9.3 229 (13) 7 CBS-QB3 9.8 8.1 +8.1 16.4 (2) 7

B2-PLYP 10.6 9.6 —9.6 19.4 (6) 9 G4(MP2) 6.7 5.8 —5.8 13.5 (16) 3

B2T-PLYP 10.3 9.1 —9.1 18.1 (6) 7 G4(MP2)—6X 5.7 5.0 —-5.0 11.8 (16) 1

DSD-PBEP86 83 6.6 +4.8 18.5 (13) 4 ROCBS-QB3 4.5 3.7 +0.8 8.1 (2) 0

B2GP-PLYP 7.7 6.6 —55 14.0 (6) 5 G4 4.3 3.7 —3.6 7.9 (16) 0

B2K-PLYP 7.1 6.3 -27 10.6 (6) 2 G3(MP2)-B3 4.2 36 -3.6 7.3 (16) 0

DSD-BLYP 7.0 5.8 +2.7 15.5 (13) 3 G3-B3 29 24 —2.1 52 (1) 0

B2K-PLYP-D3 6.8 6.0 0.0 12.8 (13) 1 — -

PWPBOS 66 53 _51 156 (6) 2 [a] Abbreviations are defined in Footnote b of Table 2.

ROB2-PLYP 6.2 5.0 —4.7 12.9 (6) 2

B2-PLYP-D3 5.7 5.0 -3.7 10.8 (6) 1 .

B2GP-PLYP-D3 57 51 o2 93 (13) 0 offer RMSDs below the threshold of chemical accuracy (<4.2

PWPB95-D3 43 34 —1.7 11.0 (6) 1 k) mol™'). The best performing method is PWPB95-D3
_ -1 . . ~

[a] These calculations were performed in conjunction with the A'VQZ (RMSD = 4.3 kJ mol ), while the next best perf?r'n?lng meth

basis set. [b] Abbreviations are defined in Footnote b of Table 2. ods are B2-PLYP-D3 and B2GP-PLYP-D3, both exhibiting RMSDs

of 5.7 kJ mol~'. With regards to the two latter procedures,
although they have the same RMSDs, B2GP-PLYP-D3 offers a
slightly lower LD (9.3 vs. 10.8 kJ mol ™). We find that the inclu-
sion of the D3 dispersion correction leads to improved results
(by amounts ranging from 0.3 (B2K-PLYP) to 4.9 (B2-PLYP) kJ
mol~"), except in the case of DSD-PBEP86, where a deteriora-
tion of 3.3 kJ mol™" is seen. As many of the considered radi-
cals exhibit relatively large spin contamination, it is insightful
to note that ROB2-PLYP, which makes use of a restricted-open
shell wave function, offers significantly better performance (by
44 kJ mol™") compared with B2-PLYP, which uses an unre-
stricted wave function. We have additionally performed calcu-
lations in conjunction with the smaller A'VTZ basis set for the
majority of the functionals in Table 3. For the considered func-
tionals, we note that the use of the A'VTZ basis set offers
RMSDs that are generally larger by amounts ranging from 0.8
(B2K-PLYP-D3) to 2.9 (B2T-PLYP) kJ mol~' (Supporting Informa-
tion Table S6).

Performance of composite thermochemical protocols
for the calculation of N-Br BDEs

Attention is now given to the performance of a number of
composite thermochemical protocols. We have considered the
following Gaussian-n procedures: G3-B3, G3(MP2)-B3, G4,
G4(MP2), and G4(MP2)—6X. In addition, we have considered
the Complete Basis Set (CBS) methods: CBS-QB3 and ROCBS-
QB3. When assessed against the highly accurate atomization
energies of 124 nonmultireference systems contained in the
W4-11 dataset,®> these methods attained RMSDs of between
7.5-8.4 kJ mol~', with the exception of G4(MP2)—6X which
offered substantially better performance (RMSD=4.6 kJ
mol~"). The statistical performance of these methods for the
calculation of N—Br BDEs is provided in Table 4.

We find that G3-B3 offers exceptional performance, with an
RMSD and LD of just 2.9 and 5.2 kJ mol™", respectively. The
computationally more efficient G3(MP2)-B3 procedure exhibits
slightly worse performance (RMSD = 4.2 kJ mol™ "), but which
is comparable to that of the significantly more costly G4 pro-
tocol (4.3 kJ mol™"). The reduced-order variant of G4, namely
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Table 5. Statistical performance of standard ab initio levels for the calcu-
lation of homolytic N—Br bond dissociation energies relative to W2 refer-
ence values (kJ mol~")®
Method™ RMSD MAD MSD LD NO
UMP2 60.7 554 +55.4 117.7 (13) 18
ROMP2 34.1 33.2 +33.2 46.0 (16) 18
UMP4(SDTQ) 338 29.6 +29.6 71.0 (13) 16
SCS-ROMP2 337 33.2 +33.2 41.6 (6) 18
URCCSD 232 23.1 —23.1 26.6 (18) 18
SCS-ROMP3 23.0 224 +22.4 31.2 (6) 18
ROMP4(SDTQ) 17.2 16.5 +16.5 253 (16) 16
ROMP3 10.7 9.8 —-9.8 17.2 (1) 8
UMP3 10.6 8.7 —-04 29.0 (13) 6
UMP4(SDQ) 10.3 8.3 —26 249 (13) 6
ROMP4(SDQ) 10.0 9.1 -9.1 16.6 (1) 7
URCCSD(T) 6.0 5.9 -5.9 7.1(1) 0
ROMP4,, 5.7 4.8 +3.7 10.4 (16) 1
ROMP3.5 54 4.6 +3.4 9.0 (16) 0
[a] Abbreviations are defined in Footnote b of Table 2. [b] The single-
level ab initio calculations were carried out in conjunction with the
A'VQZ basis set.

G4(MP2), offers the second worst RMSD (6.7 kJ mol ") of all of
the considered methods, though the closely related
G4(MP2)—6X procedure offers a slight improvement (5.7 kJ
mol ™). The relatively poor performance of G4(MP2) has also
been observed for the calculation of N—H and N—Cl BDEs.I'"*!
The CBS-QB3 procedure is the worst performing of all the con-
sidered thermochemical protocols (RMSD=9.8 kJ mol™").
However, the related ROCBS-QB3 procedure, which makes use
of the restricted-open-shell formalism for radical species offers
a marked improvement (RMSD = 4.5 kJ mol™"). In addition, we
note that with the exception of CBS-QB3 and ROCBS-QB3, the
Gaussian-n protocols systematically underestimate the BDEs
(i.e., the MSDs are negative).

Performance of standard ab initio methods for the
calculation of N—Br BDEs

We now turn our attention to the performance of a number of
stand-alone ab initio methods, which are evaluated in conjunc-
tion with the AVQZ basis set, and using the frozen-core
approximation (Table 5). As the product radicals exhibit low to
relatively high degrees of spin contamination (i.e., the (s?) val-
ues range from 0.76 to 1.08 (Supporting Information Table S1),
where 0.75 indicates a pure doublet), we have considered the
performance of some of the methods using both the unre-
stricted and restricted-open-shell formalisms (i.e, UMPn vs.
ROMPn). The results of these methods are provided in Table 5.

To begin, we note that a substantial improvement in perform-
ance is observed on going from (RMSDs are given in parenthe-
ses): (i) UMP2 (60.7) — UMP3 (10.6 kJ mol™"), and (i) ROMP2
(34.1) — ROMP3 (10.7 kJ mol™"). Moving to the performance of
the MP4 methods, although UMP4(SDQ) and ROMP4(SDQ) offer
modest improvements compared with their unrestricted/
restricted MP3 counterparts (by 0.3 and 0.7 kJ mol™', respec-
tively), the additional inclusion of triples, as in UMP4(SDTQ) and
ROMP4(SDTQ), appears to be detrimental (RMSDs = 33.8 and 17.2
kJ mol~", respectively).
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N-BrBDEs: 2816 263.2 274.7 N(1) 218.2
(kJ mol, 298 K) N(3) 264.8

Figure 2. Synthetically-relevant N-brominated species and their correspond-
ing N—Br BDEs (obtained using the G3-B3 protocol).

Regarding the choice of reference wave function, we observe
that the restricted procedures generally offer better perform-
ance than their unrestricted counterparts, a result that is consist-
ent with previous findings for the calculation of C-H BDEs."""*
For the second-order methods (i.e, UMP2 vs ROMP2), a very
large difference in the RMSD is noted (26.6 kJ mol™~"). For the
forth-order methods, while only a residual difference (0.3 kJ
mol ") is noted in the case of the (U/RO)MP4(SDQ) procedures,
a larger difference (16.6 kJ mol™") is observed when comparing
UMP4(SDTQ) and ROMP4(SDTQ). In terms of the third-order
methods, although UMP3 and ROMP3 exhibit comparable
RMSDs (which differ by just 0.1 kJ mol™"), the LD for ROMP3
(17.2 kJ mol™") is substantially smaller than that for UMP3 (29.0
kJ mol™"). Considering the LDs of the unrestricted procedures
more generally, we see that for all such methods, molecule 13
((NC)CONHBYr) provides the most challenging test. This is per-
haps not unexpected, given that the product radical, (NC)CONH’,
is associated with the largest degree of spin contamination of all
of the considered radicals ((s*) = 1.08). The use of a restricted
open-shell formalism overcomes this difficulty with great effec-
tiveness. For example, although the deviation for molecule 13 at
the UMP2 level is 117.7 kJ mol ™", the deviation at the ROMP2
level is reduced to 41.4 kJ mol ™"

Regarding the performance of the spin-component-scaled
Mgller-Plesset procedures (SCS-MPn), we note that: (i) the SCS-
ROMP2 procedure offers a negligible improvement over ROMP2
(by just 0.4 kJ mol™"), and (i) the SCS-ROMP3 procedure is sub-
stantially worse than ROMP3 (with an RMSD increase of 12.3 kJ
mol~"). As a result, we see no benefit in the use of SCS-MPn pro-
cedures for the calculation of N-Br BDEs.

Of particular interest is the finding that the recently defined
ROMP4,, (i.e., the average of the ROMP4(SDQ) and ROMP4(SDTQ)
energies) and ROMP3.5 (ie, the average of the ROMP3 and
ROMP4(SDTQ) energies) procedures offer excellent performance
(RMSDs = 5.7 and 5.4 kJ mol ™", respectively), that even surpasses
that of the considerably more costly URCCSD(T) method
(RMSD = 6.0 kJ mol~"). Furthermore, in contrast to URCCSD(T),
which tends to underestimate the BDEs (MSD = —5.9 kJ mol™ "),
the ROMP4,, and ROMP3.5 procedures have a tendency to
overestimate the BDEs (MSDs=+3.7 and +34 kJ mol™’,
respectively).

N—Br bond energies of selected synthetically-important
molecules

Having identified that the G3-B3 thermochemical protocol
offers excellent performance for the calculation of homolytic
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N—Br BDEs (with an RMSD and LD of 2.9 and 5.2 kJ mol ™',
respectively, Table 4), we herein use this method for obtaining
the BDEs (at 298 K) for four larger molecules that are widely
used in synthetic organic chemistry and industry. The molecules
chosen include (Fig. 2): N-bromosuccinimide (19), N-bromoglu-
tarimide (20), N-bromophthalimide (21), and 1,3-dibromo-5,5-
dimethylhydantoin (22).

Beginning with the BDE of the ubiquitous brominating
agent N-bromosuccinimide (19), we compute a value of 281.6
k) mol™", which is in reasonable agreement with the experi-
mentally reported value of 276.1 + 8.4 kJ mol """ We wish
to mention that the previously reported BDE of 265.2 kJ
mol~" (obtained at the B3LYP/6-311++G(d,p) level)!''®
appears to be too low, and this is consistent with our findings
that B3LYP significantly underestimates N—Br BDEs (Table 2).
Increasing the ring size from five to six, as in N-bromoglutari-
mide (20) results in a significant decrease in the strength of
the N—Br bond (by 184 kJ mol™"). Our computed BDE of
263.2 kJ mol™" for 20 is at the lower end of the experimen-
tally reported value of 272.0 + 8.4 kJ mol~ """ |n the light of
this, a reevaluation of the experimental value of 20 seems in
order.

The larger BDE of 19 vs. 20 arises because of two effects.
First, the dissociation of 19 requires that stronger stabilizing
lone-pair — m*c—o interactions present in the closed-shell par-
ent be disrupted upon formation of the product radicals
(which both adopt n-ground states, in agreement with previ-
ous findings®”), compared with the same interactions in 20.
In this regard, NBO calculations at the B3LYP/A'VTZ level indi-
cate that each of the two stabilizing interactions (E;)) in 19
amount to 191.0 kJ mol™' compared with 186.6 kJ mol™" in
the case of 20. Second, as has been reported previously,!""”!
the succinimidyl radical has a greater proportion of the
unpaired electron on the more electronegative oxygen atoms
compared with glutarimidyl. It is also of interest to point out
that the 18.4 kJ mol™" decrease in N—Br BDEs observed upon
going from 19 to 20 is of comparable magnitude to the differ-
ence in N—H BDEs (17.2 kJ mol™") between succinimide and
glutarimide reported previously.!''”’

The BDE of N-bromophthalimide (21, 274.7 kJ mol™") is
computed to be slightly lower than that of 19 (281.6 kJ
mol~"). This may be attributed, in part, to the fact that the
magnitude of stabilizing nitrogen lone-pair — n*c—o interac-
tions that must be overcome in dissociating 21 are smaller
than in the case of 19 (E, = 187.3 vs. 191.0 kJ mol ™", respec-
tively). Electron spin resonance (ESR) studies have unambigu-
ously confirmed that the phthalimidyl radical adopts a =-
ground state.l''® Resonance effects in 21 between the two
C=0 groups and the aromatic ring system (Ey =76.5 kJ
mol~"! per interaction), the likes of which are not present in
19, likely contribute to the reduced stabilizing nitrogen lone-
pair — m*c—o interaction in the former. We additionally wish
to note that point out that the n-ground state of the phthali-
midyl radical has been confirmed on the basis of ESR studies.

Attention is now turned to the strengths of the two N—Br
bonds in 1,3-dibromo-5,5-dimethylhydantoin (22). This com-
pound is gaining widespread interest as a cheap and effective
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alternative to N-bromosuccinimide (19), and has wide ranging
applications. Examples of its use in organic synthesis include: (i)
the bromination of activated benzoic acids,"' (i) the solvent-
free oxidation of secondary alcohols,”"?® and (jii) the oxidation
of isoxazolines,""?" thiols,"*? and benzylic alcohols.'* It has
also used as an analytical reagent for the determination of
numerous analgesics''**'?! and antihistamines.l'?®' Regarding
the strength of the N—Br bonds in 22, for the N;y—Br bond, we
compute a BDE of 218.2 kJ mol ™', while for the Ni—Br bond,
the BDE is found to be 264.8 kJ mol~'. The weaker nature of the
N¢1)—Br vs. Ni3—Br bond may be accounted for, in part, on the
basis that whereas dissociation of the N;y—Br bond requires sig-
nificant disruption of only one stabilizing lone-pair — n*c—o
interaction on going from the closed-shell parent to the product
radical (E =212.1 kJ mol ™', based on NBO calculations at the
B3LYP/A'VTZ level), two such interactions must be disrupted
upon cleavage of the N—Br bond (E; =165.1 and 225.7 kJ
mol ).

Conclusions

We have obtained homolytic N—Br BDEs for a set of 18 mole-
cules using the highly accurate W2 thermochemical protocol.
As little is known about the strength of N—Br bonds toward
homolytic cleavage, this set fills this apparent void. The BDEs
(at 298 K) range from 162.2 kJ mol~" for N-bromopyrrole to
260.6 kJ mol™' for (CHO),NBr. Substituent effects have been
analyzed on the basis of Mulliken spin densities, and NBO cal-
culations. Using the all-electron, nonrelativistic, electronic W2
BDEs as reference values, we have assessed the performance
of a wide range of contemporary DFT, DHDFT, composite and
standard ab initio methods for the calculation of N—Br BDEs.
With regard to the performance of these methods, we make
the following general observations:

Of the 53 conventional DFTs, none attain RMSDs below the
threshold of chemical accuracy (< 4.2 kJ mol ™). The best per-
forming methods (with RMSDs in parentheses) are: BMK-D3
(7.0), MN12-SX (7.4), M11 (7.4), and M06-HF (7.8 kJ mol™"). The
worst performing method is BH&HLYP (55.4 kJ mol™"), but the
popular functional B3LYP also exhibits poor performance (31.1
kJ mol™").

Of the considered double-hybrid DFT procedures, PWPB95-
D3 offers the best performance (RMSD = 4.3 kJ mol™"), while
B2-PLYP-D3 and B2GP-PLYP-D3 are the next best performing
methods, both exhibiting RMSDs of 5.7 kJ mol~'. Both of the
latter procedures perform substantially better than their
nondispersion-corrected parents, namely B2-PLYP and B2GP-
PLYP, which have RMSDs of 10.6 and 7.7 kJ mol~", respectively.
The worst DHDFT considered is DSD-PBEP86-D3, with an
RMSD of 11.6 kJ mol .

Regarding the performance of the composite thermochemi-
cal protocols, G3-B3 achieves excellent results, with an RMSD
and LD of 2.9 and 5.2 kJ mol™’, respectively. The reduced
order variant G3(MP2)-B3 offers performance (RMSD =4.2 kJ
mol~ ") that is slightly worse than G3-B3, but which is compa-
rable to the more costly G4 procedure (RMSD = 4.3 kJ mol ™).
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The CBS-QB3 procedure is the worst performing of the com-
posite methods (RMSD=9.8 kJ mol™"), but the restricted-
open-shell variant ROCBS-QB3 offers a significant improvement
(RMSD = 4.5 kJ mol ™).

Of the standard ab initio procedures that we have consid-
ered, we make the following conclusions: (i) The use of a spin-
restricted wave function offers improved performance com-
pared with using an unrestricted formalism, (ii) the UMP2 and
ROMP2 procedures are inadequate for the calculation of N—Br
BDEs (RMSDs = 60.7 and 34.1 kJ mol ™', respectively), and (iii)
the (U/RO)MP4(SDQ) procedures offer reasonable performance
(RMSDs =103 and 100 kJ mol™'), but that the (U/
RO)MP4(SDTQ) methods offer substantially worse performance
(RMSDs = 33.8 and 17.2 kJ mol™").

We find that the recently defined ROMP4,, and ROMP3.5
procedures offer excellent performance (RMSDs =5.7 and 5.4
k) mol ™", respectively), that even surpasses that of the consid-
erably more costly URCCSD(T) method (RMSD = 6.0 kJ mol™").

Finally, having ascertained the high reliability of the G3-B3
thermochemical protocol, we have applied this method
toward the calculation of the N—Br BDEs of four species
widely employed in synthetic and industrial chemistry. For the
following molecules, we compute BDEs (at 298 K) of: N-bromo-
succinimide (281.6), N-bromoglutarimide (263.2), N-bromoph-
thalimide (274.7), and 1,3-dibromo-5,5-dimethylhydantoin
(218.2 and 264.8 kJ mol ™).
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