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To compensate for lacking experimental standard enthalpies of formAtiéhof haloboranestboranates

as well as the isoelectronic halocarbenium ions and halomethanes, high-level quantum chemical calculations
up to the ccsd(t)/(SDB-)aug-cc-pVQZ level have been performed to establish these values. Very reliable
experimental data (e.gAsH® of HCI, F, and CH) or at the G3 level established values (eghl° of CR;*

= 410 kJ mol?) were used as anchor points to obtain accurate absajtttand mean bond enthalpy (mBE)
values. To further minimize systematic errors of the protocol, all derived quantities were assessed in isodesmic
reactions at the G3 and ccsd(t) level using the (SDB-)aug-cc-PVTZ basis set. The olgilieclues are

in very good agreement to (scarcely available) accurate experimental and computational data. Almost all
B-containing compounds have been assessed for the first time. We derivedAlé%t/alues and used them

to determine the mean-EX bond enthalpies in H.EX,7° and H_,EX.%" (with n= 1-3, E= B, C, and

X = F=I). In each of the series, theH° values increase from fluorine to iodine, and except for the iodine-
containing carbenium ions and the bromo- and iodomethaneg:kifevalues become lower with the more
halogen atoms that are present in the particle. The boron containing species always haveAqHG6wiean

the isoelectronic carbenium ions and methanes, and thgEX,° are lower in energy than the parent
Hs_nEX,"°. This reflects the greater average-R bond strengths.

1. Introduction have a cross-check for our methods and because we wanted to
use the same methodology for all particles as only this approach

Haloboranes and halomethyl cations are isoelectronic. How- allows for maximum error cancellation and internal consistency.

ever, while haloboranes are long known and in large scale

technically employed Lewis acidghe halomethyl cations are 2. Methodology and Results

a more recent addition that are only in part accessible in 21 Overview and Strategy.Flow-charts to establish the
condensed phases$ but readily accessible in the gas phase desjredAH° values are delineated in Schemes 1 and 2. Based
(mass spectrometry). Earlier studie$™*® agree on different  on these equations, thieH° values were assessed in isodesmic
reactivities and bondlng In the ha|0methy| CatlonS, the pOSItlve reactions using either G3 (for F and CI Containing Species) or
charge is delocalized over the halogen atoms, leading to partialccsd(t)/aug-cc-pVTZ (for Br and | containing species). As a
7 bonding contributions. However, the amount:obonding  control, MP2/TZVPP was also used. ZPEs and thermal contri-
present in haloboranes is under debate. In order to find out morepytions to the enthalpies were included at the unscaled (RI-)-
about the bonding in these species, an important input would gpge/SV(P) level, which usually gives scaling factors close to
be systematically derived mean bond enthalpies (MBEs) of the ynjty. Experimental data were taken from the NIST database
E—Xbonds (E= B, C) in compounds that formally have and  and are referenced with their original publications. A#H°

do not have the possibility ta backbond. A direct access to  yalues given in this study are gas-phase values at 298.15 K.
the mBEs is the use of the enthalpies of formatidqsl® of Once theAsH® values are established properly, they are used
the species in question. Therefore, we establish in this papertg calculate the mean-EX (E = B, C) bond energies, mBEs,
accurateAsH® values and EX mBE values of the species  in these species through the following homolytic bond cleavage
collected in Flgure 1. reactions (eqs _14)

However, only for the minority of compounds shown in
Figure 1 as well as the small particles further needed to assign
mMBEs, reliable experimental:H° values are known. Especially
for some small and reactive species formed upon th& Bond Ane .
cleavage reactions but also for some of the halocalocarbeniumHsfncxn+ ——nX + (;|.|37n+ MBE(C—X) = érn_ 2)
ions or halomethanes (e.g., €FH.CBr,, HCX3 with X = Br,

AH® AH°
H, .CX,——nX +CH,, mBE(C-X)=2"" (1)

1), no accurate data are available. The same holds for the AH® AH®
haloboranes and the haloborate anions. For the bromine- andH,_ BX,, —nX + BH,_,” MBE(B-X)=—"FH— ()
iodine-containing halomethanes, calculateti® values (at the

QCISD(T)/6-31H#G(3df,2p) level have been published two AH° AH°

years agd. We decided also to re-determine these values to Ha_nBX, ——nX+ BH;_, mBE(B—X) =—x— (4)

* Corresponding author. Phone:49 761 2036122. E-mail: krossing@uni-  FOr all equationsn ranges from 1 to 3. Thus, th&H® values
freiburg.de. of the small particles X, Ci.n, CHs—y*, BHs—n~, and BH—,
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Figure 1. Overview of the species investigated in this study=t¢F—1).

SCHEME 1: Strategy to Obtain A;H° of Halomethanes and Halomethyl Cations

AeH°(CH; ") exp.; AgHP(HCF5) exp.;
AH®(CH,) exp.

—

AH
HCF; + CHy*———— CH, + CF;3*

AHO(H,Cly.,) exp.; AgHo(HX) exp.

AfHO(CF3") = AgHP(HCFy) + AgHO(CHy ) - AgHO(CHy) + AHC | (a)

H,,CCl, +3HX —AL » g, cX,+3HCl

AHP(H,CX,y) = AdH(H, ,CCLy) + 3 AgHP(HX) - 3 AgHP(HCL) + A HY ()

o
Hy,CX, + CF5* —A H;.,CX," + HCF;

Aoy CXy ) = AgHO(Hy  CX,) + AH(CF3 ) - AHO(HCE) + A H° | (<)

are needed. They were either taken from reliable experimentalfrom 359 to 449 kJ mol', depending on the method used to
data or calculated using the G3 method. determine theA;H°1112 (see Table 2).

2.2. Choice of the Quantum Chemical Method.Before This underlines the difficulties coming along with the
starting the calculations afsH® values, one has to choose the experimental measurements. The value faH° of CR"
most appropriate quantum chemical method for each systemobtained by the G3 calculations (409.6 kJ/mol, from eq a in
and also the “best” reaction equation. In the ideal case, theseScheme 1) lies in the midst of the experimentally measured data
reactions are isodesmic, which means that the number and theand is in very good agreement with the experimental value that
type of bonds both of starting materials and products are equal,appears to be most accurate (40%3 kJ mol1)13. The value
so that error cancellation is maximal. However, highly accurate is also in good agreement with high level calculations performed
methods have to be used if possible. by Dixon et al. that gave\{H(0 K) of CR"™ as 410 kJ molt

To find out which method is the best compromise between (98.0+ 1.2 kcal motf?).20
accuracy and computing time, the electronically demanding  Since it appeared that G3 is a suitable method both concerning
homolytic cleavage of the Fmolecule has been chosen as a accurracy and computing time, all quantities derived for species
test reaction for the method and basis set dependence. In Tablgot containing Br or | were calculated using this method. For
1, the results of these calculations obtained with different species containing heavier atoms, G3 is not applicable, and
methods and basis sets are collected. therefore, the ccsd(t) level of theory in combination with an

For both reactions, the ccsd(t)/aug-cc-pVDZ value lies far isodesmic reaction for error cancellation was chosen. Therefore,
away from the data obtained by larger basis sets or by the G3all Br and | containing particles have been optimized with the
method. The average value from ccsd(t)/CBS and G3 (153 kJ ccsd(t)/(SDB-)aug-cc-pVTZ method. The calculated structural
mol~Y) differs only by 6 kJ mot! from the experimental value  parameters of all lH.,EX,%~ and H_EX,"° (E=C, B; X =
(159 kJ motY), 1 indicating that the quantum chemical methods F—I) are collected in Table 3.
used in this study are even suitable to describe such electroni- Generally, the agreement between calculation and available
cally delicate and problematic reactions. experiment is very good. This good agreement of the structural

As a second test system, the £Eation has been chosen. parameters further supports the conclusions drawn from the
For theAsH® of this cation, the available experimental data range calculations of the energetics of the indicated compounds. Many
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SCHEME 2: Strategy to Obtain A;H° of Haloboranes and Haloborate Anions

| AgHO(H,_,C1,) exp.; AdHO(CH,) exp.; AgH°(BH,) exp. |

|

AH°(HX) exp.

H,,CCl, +BH, —2L = y, BCl +CH,

AHP(H,,BCL,) = AHO(H,,CCl,) + AdH(BH,) - AgHO(CH,) + AHP

(a)

AH°

Hy,BCl, +3 HX —52=i

H4-nBXn

AHP(H 4, BX,") = AgH°(H,,BCL) + 3 AdP(HX) - 3 AdH°(HC) + A HY

"+ 3 HCI

(b)

H,,BX, +BF; —2 > g BX,+HBFy

AHO(H3.,BX,) = AgH(H,  BX,) + AgH(BF;3) - AGH(HBF ) + A H°

<« | AfH°(BF;3) exp.

(c)

TABLE 1: Basis-Set Dependence of the Homolytic
Dissociation EnthalpiesAH®° of the F, Molecule (according

to Scheme 1a) at the ccsd(t) Level and Comparison with the
G3 and the Experimental Values where All Values Are
Given in Kilojoules per Mole

cesd(t)/ ccsd(t)/ ccsd(t)/

aug-cc- aug-cc- aug-cc- ccsd(t)/ exptl
reaction pVvDZ pVTZ pvQZ CBS® G3 value
F,—2F 111 143 151 152 155 159

TABLE 2: Overview of Various Experimental Values for
A¢H° of the CFst Cation where AE = Appearance Energy,
IE = lonization Energy, Pl = Photoionization, END =
Determination of the Endothermicity of the Reaction,
PIPECO = Photoion—Photoelectron Coincidence

Spectroscopy

AH°(CRsY)

[kd mol Y] method source
365  PI, fromAE(CF") andAH°(CFy) 11
449 fromAH°(HCFs) andAsH°(H) 11
359 fromA¢H°(CFs) andIE(CF) 11,12
408 P, fromAE(CF:*) andAsH°(CFRCl and CEBr) 13

<362  PI, fromAE(CF:*) andAH°(CFRCl) 14

414 PI, fromAE(CFs*) andAH°(CRCI) 15
361  PI/END, fromAE(CFs+) and AsH°(CFs) 12
391 PI, fromAE(CFs*) and AH°(CRCI) 16
359 PI, fromAE(CF") andAsH°(CFsBr) 17
408 PI, fromAE(CR") andAsH°(CRsl) 18
399 PIPECO, PI, fromd\E(CF;") andAsH°(CRl) 19

but as there are no reliable experimental data available, which
could serve as fix points, the values foi HBCI,~ have to be
established first by the set of isodesmic reactions shown in
Scheme 2a, using the experimentgH® values of CH and
H4-nCCly—n (n = 1-3) (BH4~: the ccsd(t)/aug-cc-pVTZ value
of Dixon and Gutowski has been us8dogether with theAH®
at the G3 level. The values obtained by these reactions are listed
in Table 5, together with that of BFwhich is used as reference
point for the calculations of the neutral boron species.

With these valuesA¢H® of H4—,BX,~ and H-,B, can then
be calculated in an analogous way to those of the carbon
compounds, like described in Scheme 2b,c.

AH° of Small ParticlesThe enthalpies of formatio:H®
of small, neutral carbon-containing species like C, CH,,CH
and CH; as well as those of the halogens have been determined
experimentally in very high accuraéy,and therefore, these
values can be used as anchor points for this study. Also, their
adiabatic ionization energies are availabléé which gives an
access to tha;H° of their cations ¢, CH, CH,™, and CH*.
These values are listed in Table 6.

For the analogous boron compounds B#H,~, BH;™, B,
BH, and BH, the experimental data are not very reliable, so
that it seemed more accurate to calculate them using the
following isodesmic equations at the G3 level and the experi-
mental AsH° values of the carbon-containing species and for
BH4~, the value calculated by Dixon and Gutowskig6 kJ
mol~1).36 For BH-, this step is shown in eq 5; for the other

of the particles were hitherto not accessed by quantum chemistryspecies, the reactions are given in Supporting Information.
or at least not with the accuracy included herein, and the entries

in Table 3 should aid for further studies.

2.3. Anchor Points. A{H® of Hs—nCX, and H—,CX," (n =
1-3). For the calculations oh{H° of Hs—CX4—n and B nCX+
(n= 1-3), HCCk, H,CCl,, H3CCl, and HX (X= F—I)1 (Table
4) were taken as fix points, as theéifH°® values are measured
very well on experimental grounda:H° of the CR™ cation

AH® _
BH, + CH—— CH,+ BH

AH°(BH) = AH°(BH,) + AH°(CH) — AH°(CH,) +
AH° (5)

has been established at the G3 level by the equation in Schem@ll values for A;H® of the small particles obtained from these

la.

AH° of Hy—,BX,~ and H_,BX, (n = 1—3). The A{H° values
of Hy—nBX,~ (n = 1-3) could, in principle, be obtained
analogously to those of the isoelectronic carbon compounds,

reactions are also collected in Table 6.

2.4.AH° of Hi-nEX,%~ and Hs_nEX,"®(E=C, B; X =
F—1). As already described above in Schemes 1 and 2\tHé
of Hy—nEX2~ and K- EX,° (E = C, B; X = F—1) can be
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TABLE 3: Calculated Structural Parameters (ccsd(t)/(SDB-)aug-cc-pVTZ) of .EX,%~ and Hs_,EX,™° (E = C, B; X = F—I)2

d(E—X) [pm] d(E—H) [pm] <HEH [°] <HEX[°] <XEX[°]
particle sym. calcd exptl calcd exptl calcd exptl calcd exptl calcd exptl
BF; Dan 131.53 131.3 120 126t
BCl3 Dan 174.67 1758 120 126
BBrs3 Dan 190.22 189.8 120 1262
Bls Dan 212.74 212.% 120 1262
CRs* Dan 123.43 n.a. 120 n.a.
CClg*™ Dan 165.47 1623 120 126
CBrs* Dan 181.59 180.9 120 126
Clg* Dan 204.00 201.3 120 1264

200.64

HBF; Cy, 131.91 131.B 118.59 119.B 123.8 124.8 118.1 118.8
HBCl, Ca 174.43 173.8 118.27 118.% 119.7 119.2 120.7 120.4
HBBr, Ca 189.61 n.a. 118.24 n.a. 119.3 n.a. 121.4 n.a.
HBI, Ca 211.50 n.a. 118.30 n.a. 118.6 n.a. 122.8 n.a.
HCR" Co 123.35 n.a. 109.41 n.a. 120.9 n.a. 118.1 n.a.
HCCl,™ Co 163.10 n.a. 108.89 n.a. 118.2 n.a. 123.6 n.a.
HCBI,* Ca 178.54 n.a. 108.79 n.a. 117.5 n.a. 125.0 n.a.
HCI,* Co 199.98 n.a. 108.73 n.a. 116.4 n.a. 127.3 n.a.
H,BF Co 132.46 131.% 119.34 119.% 124.3 124.& 117.8 117.7
H,BCI Co 174.65 173.B 118.65 119.2% 123.9 124.% 118.1 117.9
H,BBr Co 189.69 n.a. 118.57 n.a. 124.2 n.a. 117.9 n.a.
H,BI Co 211.39 n.a. 118.52 n.a. 124.3 n.a. 117.8 n.a.
H.CF" Ca 123.40 n.a. 109.35 n.a. 126.0 n.a. 117.0 n.a.
H,CCI* Co 160.07 n.a. 108.85 n.a. 122.0 n.a. 119.0 n.a.
H.CBr* Co 174.89 n.a. 108.71 n.a. 121.8 n.a. 119.1 n.a.
H.CI* Co 195.58 n.a. 108.58 n.a. 121.0 n.a. 1195 n.a.
HBF;~ Cs, 142.17 n.a. 123.39 n.a. 110.5 n.a. 108.5 n.a.
HBCl3~ Cs, 188.70 n.a. 119.60 n.a. 109.5 n.a. 109.4 n.a.
HBBr3~ Cs, 204.38 n.a. 119.08 n.a. 109.0 n.a. 109.9 n.a.
HBI3~ Cs, 226.44 n.a. 118.77 n.a. 108.0 n.a. 110.9 n.a.
HCR; Csy 133.63 132.8 108.82 109.7 110.5 n.a. 108.4 1086
HCCl Cs, 177.19 175.8 108.22 110.8 108.0 113.3 110.9 n.a.
HCBr;3 Csy 192.96 192.%# 108.17 111 107.3 107.2% 111.6 111.%7
HCl3 Cs, 214.78 21%0 108.31 109 106.2 103.7° 112.6 114.8
H.BF,~ Ca 144.11 n.a. 124.24 n.a. 111.9 n.a. 109.2 n.a. 108.0 n.a.
H,BCly~ Co, 192.11 n.a. 120.52 n.a. 115.5 n.a. 108.0 n.a. 109.3 n.a.
H.BBr,~ Ca, 208.15 n.a. 119.96 n.a. 117.2 n.a. 107.4 n.a. 109.7 n.a.
H.BI,~ Co 230.06 n.a. 119.54 n.a. 118.2 n.a. 107.0 n.a. 111.0 n.a.
H.CF, Co 135.96 13577 109.00 108.% 113.5 112.¢ 108.7 n.a. 108.2 1085
H,CCl, Co 177.72 177.3 108.42 106.8 112.0 118.8 108.2 n.a. 112.3 11289
H,CBr, Co 193.06 193.% 108.32 107.% 112.3 113.& 107.8 n.a. 113.2 1130
H,Cl, Co 214.05 213.% 108.35 107.8 111.8 113.%8 107.6 n.a. 114.9 1149
HsBF~ Cs, 146.62 n.a. 124.32 n.a. 109.2 n.a. 109.7 n.a.
H3BCI~ Ca 198.11 n.a. 121.94 n.a. 112.3 n.a. 106.4 n.a.
H3BBr— Cs, 216.06 n.a. 121.45 n.a. 113.6 n.a. 105.0 n.a.
HiBI~ Cs, 239.74 n.a. 121.00 n.a. 114.7 n.a. 103.5 n.a.
HsCF Cs, 138.88 138.% 109.06 109.5 110.2 110.% 108.7 n.a.
HsCCl Csy 179.20 177.8 108.65 108.& 110.7 110.% 108.2 n.a.
HsCBr Cs, 194.41 193.% 108.57 108.& 111.2 111.%$ 107.7 n.a.
HsCl Csy 214.85 213.% 108.56 108.% 111.4 111.% 107.4 n.a.

an.a.= value not available in the literature.

TABLE 4: A{H° of Hy_,CCl, (n = 1—3), HX (X = F—I), TABLE 5: AH° of Hs_,BCl,~ (n = 1—3), BH,~, and BF;

and CF3* where All Values Are Given in Kilojoules per According to Scheme 2a where All Values Are Given in

Mole Kilojoules per Mole
particle AH° method particle AH° reaction/method
HCCls —103 exptt HsBCI~ —268 HCCIl + BHs — H3BCIl~ + CHJ/G3
H.CCl, —-96 exp?l H.BCl,™ —469 HCCL + BHs~ — H,BCl,™ + CHJ/G3
HsCCl -84 exptt HBCl5~ —655 HCC} + BH,~ — HBCl;~ + CHJ/G3
HF —273 exptt BF; —-1136 exptt
HCI -92 exptt ] )
HBr —-36 exptt two methods are more accurate and will therefore be used in
HI 26 exptt the discussion. G3 will be used as a reference for compounds
CR* 410 calc. G3 containing F and Cl. For Br and | containing species, the G3

method cannot be used, and therefore, ccsd(t)/(SDB-)aug-cc-

established through a set of isodesmic reactions. In the following
pVTZ values are used as reference values.

tables (Table 7 through Table 10), the reaction enthalpies
obtained by different methods are collected. As it can be seen
for the most part of the reactions the MP2/TZVPP values are
in the same order of magnitude (max. deviation: 27 kJ ol Enthalpies of Formation AsH°. With the reaction enthalpies
than those from ccsd(t) or G3 calculations. However, the latter collected in Tables 710 and the auxiliary data in Tables-8,

'3. Discussion
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TABLE 6: Experimental A{H° of CH,, CH,™ (n = 0—3), X,
and X* (X = F—1) and Calculated Values for AH° of BH,~
(n = 1-4), BH, (n = 0—3; G3 Method); All Values Are
Given in Kilojoules per Mole; Values Used in This Study
Are Marked in Bold; Direct = Value Directly Taken from

the Reference

AH° AH°

particle G3 exptl particle G3 exptl
C 717t C*t 18031382
CH (dublet) 549t CH* (singlet) 16211137
CH;, (triplet) 3681 CH;* 1372138
CHs; 146t CHs" 1095 :39d
BH4~ —77%%9 B 579" 560
BH (singlet) 446 4431  BH™ (dublet) 419 414141
BH, 310 201t  BH, (singlet) 262
BH3 107t BHs~ 86 84%f
F 79 Br 1121
Cl 1211t | 107

a AfH°(C) + IE(C). ® A{H°(CH) + IE(CH). ¢ A{H°(CHy) + IE(CHy).
dAH°(CHs) + IE(CHs). € AH°(BH) + EA(BH). fAH°(BHs) +
EA(BHs3). 9 —56 kJ mot? from ccsd(t)/aug-cc-pVTZ from ref 36 has
been used" Calculated via the isodesmic reaction 8H C* — CHz"

+ B at the G3 level using the expperimentaH® values of C, CHs",

and BH.

TABLE 7: Calculated Enthalpies (A;H° in kJ mol—1)

According to Scheme 1b where the Best Values Are Marked

in Bold
cesd(t)/
MP2/  (SDB-)aug-
TZVPP cc-pvVTZ G3
H3CCl+ HX — H3CX + HCI
F 30 20 26
Cl 0 0 0
Br —11 —11
| —26 -23
H2CC|2 + 2HX — HzCXz + 2HCI
F 9 -8 4
Cl 0 0 0
Br -17 —18
| —46 —36
HCClz + 3HX — HCX3 + 3HCI
F —47 —66 —51
Cl 0 0 0
Br —22 —23
| —65 —46

TABLE 8: Calculated Enthalpies (A;H° in kJ mol %)

According to Scheme 1c where the Best Values Are Marked

in Bold
cesd(t)/
MP2/  (SDB-)aug-
TZVPP  cc-pVTZ G3
H3CX + CR" — HCR; + H,CX*
F —21 —34 —28
Cl —52 —34 =70
Br —58 —83
I —83 —108
H,CX; + CR* — HCR; + HCX,+
F —55 —59 —56
Cl —112 —124 —127
Br —123 —140
I —159 —173
HCX3 + CRt — HCR; + CX3"
F 0 0 0
Cl —144 —150 —157
Br —165 —175
| —211 —217

the enthalpies of formatiom¢H°® of all HsEX,%~ and
Hs_,EX,™° (E = C, B; X = F—I1) were established according
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TABLE 9: Calculated Enthalpies (A/H° in kJ mol 1)
According to Scheme 2b where the Best Values Are Marked
in Bold

cesd(t)/
MP2/  (SDB-)aug-

TZVPP  cc-pVTZ G3
HsBCl~ + HX — H3sBX~ + HCI
F 23 20 24
Cl 0 0 0
Br -17 -13
| —36 —29
H,BCl,™ + 2HX — H,BX,~ + 2HCI
F -9 —-21 —10
Cl 0 0 0
Br -17 —13
I —36 —23
HBCl;~ + 3HX — HBX3 + 3HCI
F —83 —102 —85
Cl 0 0 0
Br -8 -3
I —-21 2

TABLE 10: Calculated Enthalpies (A;H° in kJ mol %)
According to Scheme 2c¢ where the Best Values Are Marked
in Bold

cesd(t)/
MP2/  (SDB-)aug-

TZVPP  cc-pVTZ G3
H3sBX~ + BFs — HBF;~ + HBX
F —28 =31 -32
Cl 43 42 40
Br 71 61
I 100 91
H,BX,~ + BFs — HBF;~ + HBX>
F —42 —43 —43
Cl 69 71 69
Br 109 100
I 144 137
HBX3™ + BFs— HBF;~ + BX3
F 0 0 0
Cl 98 102 100
Br 137 131
I 168 164

Only the values obtained with the most accurate method, that
is, G3 for F and Cl and ccsd(t)/(SDB-)aug-cc-pVTZ for Br and
[, are collected here.

In 2005, Marshall et al. published a high-level computational
study on theAsH® of bromine and iodine-containing metharies,
based on isodesmic reactions using QCISD(T)/6-3&{3df,-
2p) energy values. The results of this study are also included
in Table 11. Although different anchor points were chosen, the
AfH° obtained by Marshall et al. are in very good agreement
with the values obtained from our calculations (max. differ-
ence: 10 kJ mol', which is within the error bars given in ref
9), confirming the reliability of our data. Similarly, we judge
our calculations to have a maximum error bar of abhati0 kJ
mol~1.

Upon comparing the calculated data with (less accurate)
available experimental values for some systems, like EHXXX
= Br, I), H,CBr,, CRs™, and Bk, the experimentally found¢H°
differ considerably from the computed ones. In those cases,
where several experimental values were found in the literature,
they also scatter considerably (up to 90 kJ midbr CFR™).

For HsCF and C4*, the experimental values are in the same
order of magnitude as the computed ones, but the difference is
still too large to use them as a reliable reference. A very good
agreement is also found for the HERolecule that we used as
an anchor point: its experimentajH® value is—697 kJ motf?!

to Schemes 1 and 2; the “best values” are listed in Table 11. (this value has been used to establish AE° of the CR*
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TABLE 11: A¢H° of All H 4—,EX,%~ and Hs_,EX,™° (E = C, B; X = F—I); All Values Are Given in Kilojoules per Mole;
Methods: G3 for F and Cl, ccsd(t)/(SDB-)aug-cc-pVTZ for Br and |; Anchor = Experimental Data Has Been Used as an
Anchor Point for the Calculations in This Study

X=F X=ClI X =Br X=I
calcd exptl calcd exptl calcd exptl calcd exptl
H3CX —258  —2341 anchor —8411 -39 —38%; —36%, —38%, 12 149, 144
—38%; —36%7: —348 14%6; 1450
H,CX,  —452 —4511 anchor —96'* —2 (&2  —36% 4%, 10" 35 106 118'; 108%;
—15%6; —1147; 652 (108)2 120 1223
HCX3 —695 —697! anchor —103% 42 (522 55°% 515 60 205 2515054 21146
1746 2447 (209)2
HsBX~  —425 —268 —227 —181
H,BX,~ —839 —469 —-371 —257
HBX3~  —1282 —655 —492 —301
H.CX* 826 838155 8274155 951 9558156 9511155 997 98815% 1037358 1023 1028659 1029959
HCX," 596 5591 882 8841 975 976151 1049 10877
CXs* 410 3681 4491, 359112 844 8621, 8711160 981 1031162 995!1.63 1103 ~1047
4083, < 3624 4145, 3611 8591 992-999%
391%6, 359; 4088, 399°
H,BX —311 - —83 -10 66
HBX —737 7341 —255 —248% —113 —105 39
BX3 anchor —1136% —-410 —403* —203 —2044 21 7

a At the QCISD(T)/6-31%G(3df,2p) level, from ref 9°J. M. L. Abboud, personal communication. The value of 531 kJ-#ngiven in ref 6
is wrong.

X
Antibonding AdT= Y +3X
MO Y. T ——
e >Ny 3 BEgqyx) +
1 BEy.x) Y=B,C"
LUMO X
— | ArHO =
ay" ——Zu ————> HZ +3X
X \;I(H 3 BE5(z-x)
Non Non Z=B.C
bonding } " bonding Figure 3. ¢ andx contributions to the EX bonds in EX** and
e" e" HEX37/0.
—H— TABLE 12: mBEs of H,-,CX,, and Hs—,BX,,” (n = 1-3) in
a" Kilojoules per Mole
X = HiCX H.CXs, HCX3 HsBX~™ H.BX,>™ HBX3™
Bonding n-MO F 483 490 509 611 641 653
Cl 351 353 354 496 497 486
Br 297 297 296 444 439 422
| 240 238 236 392 376 353
f i 0/+
Figure 2. Top view of thex MOs of EXs™". TABLE 13: mBEs of Hs_oCXy* and Hs_nBX, (n = 1-3) in
Kilojoules per Mole
cation), and our calculatetiH° value is—695 kJ mot2. This X= HLX" HCX" CXs" HBX HBX2 BXs
cross-check underlines the consistency of our method. For the F 627 589 542 700 671 651
Hs-nBXn~, HBX (X = Cl-I), and HBb, there are no gl 238 igg ggg féi ggg 3471‘11
; ; r
experimental data available to the best of our knowledge | 448 388 336 342 307 590

(SciFinder and NIST database search). Except for the carbenium
ions, the iodomethanes, and the iodoboranes, all particles have As it can bee seen, in all species, the mBE decreases from
a negative enthalpy of formation. fluorine to iodine, which is consistent with the electronegativities
In each of the series, thH° values increase from fluorine  of the halogens. For all halomethyl cations and haloboranes,
to iodine, and except for the iodine-containing carbenium ions the mBEs are lowered, if a series contains more halogen atoms;
and the bromo- and iodomethanes, thEl° becomes lower with for the H;_EX.%*, they remain nearly unchanged upon
the more halogen atoms that are present in the particle. Thereplacing H by X. The only two exceptions are the fluo-
boron containing species always have a lowgf® than the romethanes and fluoroborates, where the mBE is increased if
isoelectronic carbenium ions and methanes, and thgfX, "° more fluorine atoms are present. Again, this is due to the high
are lower in energy than the pareng HEX,/. This reflects electronegativity of fluorine, which causes electrostatic interac-
the greater average-BX bond strengths (see mBEs below).  tions and therefore strengthens the FEbond.
Mean E-X bond enthalpies (E= B, C). To obtain the mBEs Especially for the haloborates, the values of the mBEs are
of the species, the values of the reaction enthalpies from eq 1very high. The highest mBE of the haloborates of 653 kJthol
to eq 4 have to be divided by the number of K bonds that is found for HBR~. However, by definition, eqs-14 are the
are cleaved. The results, using thgH° values listed in Table only way to determine mBEs for these compounds. The different
6 and Table 11, are collected in Tables 12 and 13. bond strengths in the isoelectronic boron and carbon containing
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TABLE 14: AH° Values (in kJ mol~?) for the Reaction Described in Eqs 6 and 7

AH° AH°
CK"+B—BF;+ C* —327 HCR+ B~ —HBF;~ +C —443
CCl*+B—BCl;+ C* —16 HCCt+ B~ —HBCl;~ + C —408
CBrst +B—BBr; + C* 35 HCBr+ B~ — HBBr;~ + C —388
Cls*+B—Blzs+ C" 138 HCk+ B~ —HBIs~+C —360
HCR" + B — HBF, + C* —114 HCFR+ B~ —HBF,~ +C —243
HCCL*+ B —HBCl,+ C* 82 H,CCl, + B~ —H:BCl,” + C —229
HCBr;* + B—HBBr, + C* 132 HCBr, + B~ — H:BBr;” + C —224
HCIl,* + B —HBI, + C* 211 HCl> + B~ —H:Bl,~+ C —259
H.CF" + B — H,BF + C* 90 H:CF+ B~ —HsBF + C —23
H,CCI* + B — H,BCI + C* 185 HCCl+ B~ —H3BClI- + C —41
H.CBrt + B — H,BBr + C* 218 HCBr+ B~ —HsBBr-+C —43
H.CI* + B — H.BI + C* 269 HCl+B~—HsBI-+C —47

species and possible reasons for these differences will bebonding in the heavier halocarbenium ions with reference to

discussed in the following section.

Relative E—X Bond Strengths in the Isoelectronic
H3-nCXnt/H3-nBX, and Hs—nCXn/Hs—nBXy~ (n = 1-3)
Pairs. For the trihaloboranes and trihalocarbenium ions, it is
clear that the followingr molecular orbitals (MOs) are formed
and that the lowest unoccupied molecular orbital (LUMO) of
all BX3 as well as C%" particles corresponds to tke MO of
&'' symmetry, compared with the top view of the MOsof
symmetry in BX and CX™ in Figure 2.

The bondingr MO (&'") is occupied for all of those particles.
Similar MO considerations hold for the partly H-substituted
particles H_,EX,%*. However, no quantification of the amount
of stabilization byz bonding is possible only on the basis of
the presence of an occupiedVO. Thus, alternative quantitative

the haloboranes. Thus,8 bonds in all H_,EFR, particles
(E = C, B) that may exhibitr bonding are always stronger
than C-F bonds, but &X bonds of B_EX,"° (E=C, B; X

= Cl-I) are always stronger than-BX bonds with the only
exception of CGJ"™ and BCk which have almost identical mBEs.
By contrast, the differences between theXbond strengths
in the analogous saturated, HEX,© compounds with onlyr
bonding are less affected by exchanging C fordhd always
in favor of B—X bonds (X= F-1).

4. Conclusion

In this study, reliable\tH° values for halomethanes, halom-
ethyl cations, and the isoelectronic boron compounds have been
established on the basis of a combination of exactly determined

approaches have to be adopted, like, for example, the compari-experimental data together with highly correlated quantum
son of the mBEs in the isoelectronic boron and carbon :hemical calculations.

containing species.

In Figure 3, the different contributions, that is,and, to
the E=X bonds in EX%*+ and HEX° are sketched. For the
other particles, analogous schemes can be drawn.

When going from fluorine to iodine, théH° values increase
in each series of species, and except for the iodine-containing
carbenium ions and the bromo- and iodomethanesAtRg is
lower the more halogen atoms are present in the particle. The

On the basis of experimental observations as well as on poron containing species always have a lowgd® than the
quantum chemical calculations, it is postulated in the literature jsgelectronic carbenium ions and methanes, and theBX,
that, in halocarbenium ions, the positive charge is delocalized 5y¢ |gwer in energy than the parens HEX,*. The trends of
over the entire cation and, especially for the heavier halogens,he mBE values can be explained by the electronegativity of

leads to a formation of strong bonds?4864However, until
now, no quantitative information on the strengths of these

the halogens. Specifically, the heavier halocarbenium ions are
very stable if compared with the isoelectronic haloboranes,

bonds is available. In this study, a comparison of the bond indicating strongr bonding.

energies in B-,CX," with those of the isoelectronicH.BX,,
is made on the basis of thei;H°. To find out if the E-X
bond is stronger in the H,CX," cations or in H_,BX,, the

C—B exchange reaction enthalpy of the following reaction has

been calculated using thigH°® values:

+ At +
H,.CX;_, "+ B——HBX; ,+C (6)
In these reactions, all-€X bonds are cleaved, while the same
number of B-X bonds is created. The reaction enthalfopy°
(Table 14) directly corresponds to the difference of thexe

5. Computational Details

Calculations including geometry optimizations have been
performed with the program package Turbomole®%(&P2/
TZVPP) and with Gaussian 63(ccsd(t)). ZPEs were obtained
using the module AOFORCEIin Turbomole (at the (R1)BP86/
SV(P) levef9). If not mentioned otherwise in the text, for ccsd-
(t) calculations, the aug-cc-pVTZ basis Setas used (SDB-
aug-cc-PVTZ! with relativistic ECPs for Br (ECP28MWB) and
| (ECP46MWBY)?), while for the other particles, the calculations
were done at the G3 levél. Open shell molecules were

bond energies. As a cross reference, the same has been dongcyjated using unrestricted wavefunctions. All basis sets used

for the pairs H-,CX,, Hs—nBX,,~ (n = 1—-3), where nox
bonding is expected (eq 7).

AH? _
H.CX, ,+B ——HBX, , +C @)

in this study have been obtained from the EMSL Gaussian Basis
Set order fornT#
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