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An ab Initio Study of ™N—B Spin—Spin Coupling Constants for Borazine and Selected

Derivatives

Introduction

The chemical and physical properties of each element of the
periodic table are fascinating, but there are some elements wit
properties so unusual that even after years of study, they stil
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Ab initio equation-of-motion coupled-cluster singles and doubles (EOM-CCSD) calculations have been
performed to investigate substituent effects on coupling constants for borazine and selected substituted borazines.
For molecules in which F atoms are not bonded to adjacent atoms in the ring, F substitution increases the
one-bond'B—N coupling constants involving the atom at which substitution occurs but leaves the remaining
one-bond B-N coupling constants essentially unchanged. For these molecules, the magnitudes of one-bond
B—N coupling constants are only slightly dependent on the number of F atoms present. Fluorine substitution
at adjacent B and N atoms in the borazine ring further increases the one-bdhddipling constant involving

the substituted atoms and has the same effect on the other one-bond coupling constants as observed for
corresponding molecules in which substitution occurs at alternate sites. In contrast to the effect of F substitution,
substitution of Li at either N or B decreases one-bondNBcoupling constants relative to borazine. The
effects of F and Li substitution on one-bond-Bl coupling constants for borazine are similar to F and Li
substitution effects oA*C—3C coupling constants for benzene.

of this molecule. Although these investigators computed chemi-
cal shifts for these molecules, they did not compute coupling
peonstants. Given that much of our recent work has focused on
| the calculation of spiftspin coupling constants and that this

pose intriguing, unanswered questions. Among the elements withNMR Property has not been investigated theoretically for

dramatically unusual bonding properties is boron,

“a unique and molecules such as borazine, we decided to initiate our studies

exciting element The complexities of its allotropic modifica- ?f bc;gon-cc_)ntain!ng molecules by computing and analyzing
tions, the borides, the boranes (boron hydrides), the carboranes B~ N SPin—spin coupling constants for borazine and sub-

(among them the strongest of the superacidig metallocar-
boranes, the boron halides, the borates (bemtygen com-

stituted borazines with one, two, or three F atoms bonded to B
and/or N, as well as the two Li-substituted isomers of borazine.

pounds), and, finally, the boremitrogen compounds, provide Thus, substituent effects on-BN coupling constants may be

a plethora of examples of the great versatility of boron chemistry €valuated by using two substituents which are at opposite ends
and the variety of its bonding motifs. of the electron-donating/electron-withdrawing spectrum. All of

Our fascination with boron has led us to undertake a the borazine derivatives included in this study h@ygor higher
systematic study of the-BN bond in several series of molecules, Symmetry, a requirement dictated by the computational demands
investigating geometries, bonding properties, energetics, and the®f EOM-CCSD calculations. For comparative purposes, we have
NMR property of nucleaF8—15N spin—spin coupling. For our als_o evalu_ated F and Li substitution effectsé@—13C spin-—
studies, we have subdivided-B compounds into several ~ SPin coupling constants for benzene. The purpose of this paper
classes: amineboranesBINH; (the analogue of ethane) and IS t0 report the results of this investigation.
its derivatives; aminoboranes ;B—=NH, (the analogue of
ethylene) and its derivatives; iminoboranes #=BH (the Methods
analogue of acetylene) and its derivatives; borazigiésBe (the ) ) ]
analogue of benzene) and its derivatives; boron nitride (hex- The structures of borazine, the mono-, di-, and trifluoro-
agonal and cubic, the analogues of graphite and diamond). Thesubstituted derivatives, and two Li-borazine isomers were
structures and bonding properties of borazine have beenOptimized at second-order MgllePlesset perturbation theory
investigated by many other groupss In particular, recent ~ (MP2)!"*7 with the 6-311-+G(d,p) basis sef:"2 Computed
density functional studies of borazine and some of its derivatives Vibrational frequencies confirm that the optimized structures of
have been reported by Miao and co-workémnd Rahaman  Cz» OF higher symmetry are equilibrium structures on their
and co-workerd? with the aim of quantifying the aromaticity ~ Potential surfaces, except for the Li-borazine molecule with Li

bonded to N, which is a transition structure with 1 imaginary
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correspondence  should be addressed. E-mail: frequency. However, this transition structure has been included

jedelbene@ysu.edu. in this study for comparison purposes. The structures of benzene,
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TABLE 1: 1J(B—N) (Hz) for HBNH, H ;BNH,, and HsBNH3

as a Function on the Basis Set on H _AQ'N‘B\,i_
N
basis set PSO  DSO FC SD  1J(B-N) A
HBNH
qz2p -19 -0.0 —84.9 2.7 —89.5 H H H H H F R H H F
cc-pvDZ -1.8 -0.0 -85.1 2.7 —89.6 N-B N-B N-B N-B, N-B
H-B N-H H-B N-F H-B N-H H-B N-F H-BE N-H
H-BNH: N-B N-B, N-B N-B N-B,
qz2p 3.0 -0.0 -31.4 -0.3 —28.8 H H H H H H H H H F
cc-pvVDzZ 3.0 -0.0 —-31.4 -0.3 —28.7 1 2 3 4 5
HsBNH; H H R H H F R F H F
N-B N-B N-B N-B N-B
qz2p -02  -01 -01  -04 —0.8 F-§ N-F H-B N-F F-B N-H H-E N-F H-B N-F
cc-pvVDz —-0.2 -0.1 0.0 —-04 -0.7 N-E N-B N-B N-B N-B
H F H H F H H H F
Equation-of-motion coupled-cluster singles and doubles 6 7 8 9 10

(EOM-CCSD¥* 24 calculations in the Cl (configuration interac-  Figure 1. Borazine, illustrating the ring numbering system, and
tion)-like approximation were carried out using the Ahlri¢hs  F-substituted borazines investigated in this study.

gzp basis set on B, N, and F atoms and the cc-pVDZ basis set, . . o
on H atomg527 Since an Ahlrichs qzp basis is not available in the ring. The numbering system employed is illustrated for

for B or Li, a new “hybrid” basis has been constructed for these borazine i_n Figure 1'.'” _this system, a nitrogen atom is always
two atoms. For B, the new basis set was constructed from theatom 1. Single substitution always occurs at N1 or at B2. The

boron cc-pV52Z basis for s orbitals, the boron cc-pVQZ basis disubstituted isomers are 1,3-diF-borazine, 2,6-diF-borazine, and

for p orbitals, and a single set of d polarization functions. The 1,4-diF-borazine; the tnsub.stltute(.j Isomers are 1.3,5-, 2,4,6-,
hybrid Li basis set was constructed in a similar manner. These 1,2,3-, and 1,2,6-triF-borazine. With this system, the“'_Bﬂ
new basis sets have the same number of contracted function§’onol a_Iwa_ys has an F atom bonded to N1 ?‘”d"” B.2 in all of
(65, 4p, 1d) as the Ahlrichs qzp basis used for the second-periocfhe qlerlvauves. All of the F-substituted borazines are illustrated
elements C, N, and F. n Flgurg L . . . .

In the nonrelativistic approximation, the nuclear spépin Borazme,_1,3,5-tr|F-bora2|ne, _and 2,4,6-triF-borazine have
coupling constant is composed of four terms: the paramagneticon!y one unique one-b(_)nd coupling constéi(Nl—BZZ), two
spin—orbit (PSO); diamagnetic spirorbit (DSO); Fermi contact ~ YNique two-bond coupling constar@¥N1-N3) and2J(82—
(FC); spin-dipole (SD)?8 All terms have been computed for B4), and one unique three-bond coupling consfaﬂtl_l—B4).
borazine and the two monofluoro-substituted derivatives. It was The_ situation Is quite dn‘fere_nt for the mono- and d'S.UbSt'tUt.ed
observed that for these molecules the contributions of the SD derivatives, 132,3-tr|F-borazme, a_nd 1,2,6-tr|F-borazm(_a, which
terms to the total one-, two-, and three-bone- M8 coupling have three unigue one-bond coupling constants, four unique two-

constants are less than 0.2 Hz. Since the SD termis an extremel;}’ondt cotupl_:_r;]g consLantg, and FWO unlqtue tthree-bond ccfjplmg
expensive term to compute, it was not evaluated for the di- and constants. The one-bond coupling constants are ustigii

1 — 1 — -F- i
trifluoro derivatives. Total coupling constants were computed ??’d.‘;(iz N.3)’ anc(ij 1(233 Bé' )t') Howevei,_fgrzz F dtigrgsTe’
for benzene, but for comparison purposes, only Fermi-contact =2 d!--orazineé, and 1,2, - '.OraZ“.“’eN ) and- .
terms were obtained for the substituted benzenes. No one-bon 3) are equivalent, and the third unique coupling constant is

. : J(B4—N5). Similarly, the four unigque two-bond coupling
B—H and N—-H coupling constants are reported for borazine ) ) 0
and its derivatives since the basis set used on H is not (éc()snstants aré](zl\‘ljlgzl\l_:% 4J(N3(;2§|F3,4;]$3862—B4),anq J(IB4t_'
sufficiently large to produce accurate coupling constants involv- ). However,2)( ) and=J( ) are equivalent in

ing this atom and using the qz2p basis on H was computationally 1-|;—bk(])rafzme,h1,4-_ and 2,6-0||_|F-boraz|ne, ?nd ﬁ,Z,G-{tjnF_—bor_azm(_e,
prohibitive. The effect of using the smaller H basis orn®8 and the fourth unique coupling constant for these derivatives is

5 a . ) i ) o
coupling constants will be examined by comparfdB—N) J(B2—B6). Finally, the mono- and disubstituted derivatives and

: 1,2,3- and 1,2,6-triF-borazine have two unique three-bond
for HBNH, H;BNH,, and HBNH3 computed with these two e o 3
different H atom basis sets. Geometry optimizations were carried coupling constant§,.](_l\11—B4) and J(BZ_N5.) - The two- and .
out using the Gaussian 03 suite of progréfhand coupling three-bond B-N coupling constants are relatively small and will
constants were evaluated using ACES’ Il calculations were not be discussed in this paper. However, they are reported in

performed on the Cray X1 or the Itanium Cluster at the Ohio Table S1 of th_e Supporting Information. Fermi-contact terms
Supercomputer Center and total coupling constants for one-bond couplings for borazine

and its fluoro-substituted derivatives and Fermi-contact terms
for 1,2,6- and 1,2,3-triF-borazine are reported in Table 2.
o ) F Substitution Effects on One-Bond B-N Coupling
Sensitivity of 1J(B—N) to the H Basis SetTo evaluate the  Constants.Substitution at Nonadjacent Atoms of the Borazine
sensitivity of 1J(B—N) to the basis set used for the H atoms Ring The data for Table 2 show that the FC terms for\8
bonded to B and N, total BN coupling constants for HBNH,  coupling in all F-substituted borazines differ from total coupling
H2BNH,, and HBNHs were computed with the cc-pVDZ basis  constants by less than 2.5 Hz and are therefore good approxima-
set on H atoms and again with the qz2p basis set on H. Thetjgns toLJ(B—N). Moreover,XJ(B—N) is always negative, and

computed values ofJ(B—N) are reported in Table 1. For a  therefore, the reduced coupling constait(B—N)] is always
given molecule, there is only an 0.1 Hz differencéd(B—N) positive, since

when these two different H atom basis sets are used. These
results justify the use of the cc-pvVDZ basis on H when "Keg_n O "To_n/(ve)¥n)
evaluating B-N coupling constants for the borazines.

Substituted Borazines.To carry out a systematic analysis whereysg is the magnetogyric ratio dfB (positive) andyy is
of the effect of fluorine substitution on-BN coupling constants, ~ the magnetogyric ratio dfN (negative). A comparison of the
it is necessary to adopt a consistent numbering system for atomsone-bond coupling constaii(N1—B2) for 1-F-borazine and

Results and Discussion
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TABLE 2: One-Bond FC Terms and Coupling ConstantsJ (Hz) for Borazine and Selected Fluoro-Substituted Derivatives

One-Bond Coupling Constants with Substituents on Nonadjacent Atoms

N1-B2 B2—N3 N3—-B4 B4—N5
compd FC J FC J FC J FC J
borazine —28.7 —26.7 —28.7 —26.7 —28.7 —26.7
1-F-borazine —-334 —-31.3 —-29.1 —27.2 —28.7 —26.8
1,3-diF-borazine —34.5 —32.2 —34.5 —32.2 —33.5 —31.2 —29.5 —27.4
1,4-diF-borazine —33.8 —-31.5 —29.6 —27.6 —36.9 —35.2
1,3,5-triF-borazine —35.1 —32.7 —35.1 —32.7 —35.1 —32.7
2-F-borazine —36.6 —35.0 —36.6 —35.0 —28.9 —27.0 —28.8 —26.9
2,6-diF-borazine —-37.0 —-35.3 —-36.7 —-35.0 —29.2 -27.1
1,4-diF-borazine —33.8 —-31.5 —29.6 —27.6 —36.9 —35.2
2,4,6-triF-borazine —37.4 —35.7 —37.4 —35.7 —37.4 —35.7
One-Bond Coupling Constants with Substituents on Adjacent Atoms
compd N1+B2 FC B2-N3 FC N3-B4 FC B4-N5 FC
1,2,3-triF-borazine —40.3 —40.3 —33.9 —29.5
1,2,6-triF-borazine —40.0 —-37.2 —28.9
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Figure 2. Absolute values of one-bond coupling constants in borazine (1), 1-F-borazine (2), 1,3-diF-borazine (3), 1,4-diF-borazine (4), and 1,3,5-
triF-borazine (5). In each derivative, at least one F is bonded to N1. For molecule 3, the columns refeB®, NB—B4, and B4-N5 coupling.

2-F-borazine indicates that substitution of the strong electron- N3) and*J(N3—B4). For the disubstituted molecule 1,3-diF-
withdrawing substituent fluorine increases the absolute value borazine (molecule 3), the two coupling constants that involve
of 1J(N1—B2) relative to borazine, with substitution at B having N1 and N3, namelyJ(N1-B2) and 1J(N3—B4), increase
a greater effect. relative to borazine and are similar fd(N1-B2) in 1-F-

An examination of fluorine substitution effects at B and N porazine. However, the third one-bond coupling const{BY—

on one-bond coupling constants is facilitated by Figures 2 and sy increases by less than 1 Hz. For 1,4-diF-borazine (molecule
3, which present bar graphs that illustrate the absolute values4) in which one F is bonded to N1 and the other to BYN1—

of the three unique one-bond-8\ coupling constants for these B2) and1J(N3—B4) increase, but)(B2—N3) increaseé only
molecules. Figure 2 shows the graph generated for molecules lightly by | than 1 H Th’ h 1HN1—B2) is simil
that have at leasl F atom bonded to N with no F atoms on 59" Py [ess than Z. 1he change o . ) is simi ar
adjacent atoms of the ring; Figure 3 shows the corresponding t© that found for F-substitution in 1-F-borazifg(N3—B4) is
graph for molecules having at ledsF atom bonded to B and the Iarggst one-bond 'coupllng constqnt in the set, requrcmg
no F atoms on adjacent atoms of the ring. From Figure 2 it can the previous observation that F substitution at B has a slightly
be seen that F substitution at N1 in 1-F-borazine (molecule 2) larger effect on B-N coupling constants than substitution at
increases (the absolute value &fjN1—B2) from about 27 Hz N. Finally, the one-bond coupling constants for the trisubstituted
in borazine (molecule 1) to 31 Hz but produces only small molecule 1,3,5-borazine (molecule 5) are 33 Hz, the largest
increases in the remaining one-bond coupling constd(@2— values among derivatives with F substitution at N.
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Figure 3. Absolute values of one-bond coupling constants in borazine (1), 2-F-borazine (2), 2,6-diF-borazine (3), 1,4-diF-borazine (4), and 2,4,6-
triF-borazine (5). In each derivative, at l¢dsF isbonded to B2. For molecule 2, the columns refer to-82, N3—B4, and B4-N5 coupling.

TABLE 3: Distances A between Adjacent Ring Atoms in
An examination of Figure 3 indicates that similar changes in Borazine and Its F-Substituted Derivatives

one-bond B-N coupling constants occur upon substitution at compd NEB2 B2-N3 N3-B4 B4-N5

B. Monofluoro substitution at B2 (molecule 2) incread#i1— Derivatives with Substituents on Nonadjacent Atoms

B2) relative to borazine but produces only small increases in borazine 1.434 1.434 1.434

the remaining one-bond coupling constants. Disubstitution of 1-F-borazine 1.430 1.432 1.434

F at B2 and B6 (molecule 3) increases the two couplin 1,3-diF-borazine 1.430 1.430 1431 1.433
: _ PING 1 4-diF-borazine 1.432 1.431 1.430

constants involving B2, namelyJ(N1-B2) and1J(B2—N3) 1,3,5-triF-borazine 1.430 1.430 1.430

but leavesJ(N3—B4) essentially unchanged relative to borazine.  2-F-borazine 1.429 1.429 1.433 1.435

Disubstitution at N1 and B4 (molecule 4) increasdéNl— igg::zgggsmg igg ijgg i'gg

B2) andXJ(N3—B4). Trisubstitution increases all one-bonet B 2.4,6-triF-borazine  1.429 1.429 1.429

coupling constants to 36 Hz. Derivatives with Substituents on Adjacent Atoms

1,2,6-triF-borazine 1.435 1.428 1.435

The above data indicate that fluorine substitution in borazine 12 3triF-borazine 1435 1435 1430 1.433

always increases the absolute value of the one-bond coupling
constant involving the N or B atom at the site of substitution
but induces only small changes in the remaining one-bond
coupling constants. Thus, these data suggest that the effect o
ring substitution on one-bond coupling constakidN—B) is
fairly localized. Moreover, the absolute value of any one-bond
coupling constant does not appear to be very sensitive to the
number of fluorine substituents present, as evident from Figures

2 and 3. In addition, the increase #(N—B) upon substitution coupling constants as the number and position of the substituents

IS slightly grea.ter'when subst.|tut|on occurs at B rather .than N. change. Can these small variations be explained? Table 2 shows
Finally, there is little correlation between the change in one- that 1J(N1—B2), LJ(B2—N3), andLJ(N3—B4) for 1-F-borazine

bond B-N coupling constants upon substitution and the change ;¢ greater (in absolute value) by 4.6, 0.5, and 0.1 Hz
in B=N distances, as evident from Table 3. Thedistance,  respectively, compared t(B—N) for borazine. When substitu-

tion, but the change in this distance does not exceed 0.005 A.are 8.3, 0.3, and 0.2 Hz, respectively. These values can be used
The shortest BN distances of 1.429 A are found when F to understand the small variations observed for coupling

substitution occurs at B in 2-F-borazine, 2,6-diF-borazine, and constants in the di- and trisubstituted derivatives and to estimate
2,4,6-triF-borazine. However, the difference between thé\B their values. This can be done by determining the additivity
distances in 1,3,5- and 2,4,6-triF-borazine is only 0.001 A, a factor using the following bond-additivity scheme:

difference that is too small to account for the difference of 3.0
z (—32.7 vs—35.7 Hz, respectively) betweed(N—B) for
hese isomers.

Although it has been stated above that substituent effects on
coupling constants are essentially localized at the site of
substitution, closer examination of Figures 2 and 3 indicates
that there are some relatively small variations in one-bond
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Figure 4. Absolute values of estimated and calculated one-bond coupling constants for fluoroborazines (columns, F-substituted berdzine): 1

1,3;5-7,1,4; 8-10, 2,6; 11, 1,3,5; 12, 2,4,6; 36, 1,2,3; 1719, 1,2,6. The values for 1,2,3- and 1,2,6-triF-borazine are FC terms. The order
of coupling constants is NAB2, B2—N3, and N3-B4. B4—N5 is also given as the 4th column if it is unique.

(1) For a given bond, if the coupled atoms have an F atom Hz, a value larger than all NAB2 FC terms in the derivatives
bonded to N, add-4.6 Hz to the additivity factor; if the F atom  with F atoms on nonadjacent sites of the ring. The increase in
is bonded to B, add-8.3 Hz. this term relative to borazine is 11 Hz, slightly less than the

(2) If for an adjacent bond another F atom is bonded to N, sum of the increases from single substitution at N1 (5 Hz) and
add—0.5 Hz to the additivity factor; if it is bonded to B, add B2 (8 Hz). The FC term for N3B4 coupling for 1,2,3-triF-

—0.3 Hz. borazine (with F at N3 and H at B4) increases relative to
(3) If a bond which is two bonds away from the bond of borazine and is similar to the N384 FC term for 1,3,5-triF-
interest has an F atom bonded to N, ad@.1 Hz; if the borazine. Since F atoms are not bonded to B4 or N5, the FC
substituent is bonded to B, ade0.2 Hz. term for B4—N5 coupling is similar to the FC term for \B
The predicted values of the coupling constants in the higher COUPIing in borazine itself.
substituted derivative are equal ¥%B—N) for borazine plus Figure 5 illustrates that a similar effect on one-bond coupling

the additivity factor. Using 2,6-diF-borazine as an example, the constants occurs when the F atoms are placed on N1, B2, and
additivity factors fortJ(N1—B2), LJ(B2—N3), andJ(N3—B4) B6 (molecule 5). The FC term for NiB2 coupling in 1,2,6-

are [-8.3+ (—0.3)], [-8.3+ (—0.2)], and [F0.3 + (—0.2)] triF-borazine is 40 Hz, the same as in 1,2,3-triF-borazine. The
Hz, respectively. Thus, the estimated values of the three one-FC term for B2-N3 coupling in the 1,2,6 molecule is similar

bond coupling constantd(N1-B2), 1J(B2—N3), andlJ(N3— to the FC term for B2N3 coupling in 2,4,6-triF-borazine.
B4) are—35.3,—35.2, and—27.2 Hz, in excellent agreement  Finally, the FC term for N3:B4 coupling for 1,2,6-triF-borazine
with the computed EOM-CCSD values 6f35.3, —35.0, and is similar to the value for borazine. Thus, these data reinforce

—27.1 Hz, respectively. Figure 4 columns-12 compare the  the observation that, in the borazines, substitution effects appear
computed and estimated values of one-bond coupling constantdo be quite local. They also demonstrate that substitution on
for all of the F-substituted borazines that have substituents onadjacent coupled atoms increases the coupling constant relative
nonadjacent atoms. The agreement is remarkably good. to its value when only one of the two atoms is bonded to a
Substitution on Adjacent Ring Atordl of the diF- and triF- ~ substituent.

borazines considered thus far have F atoms bonded to nonad- The additivity scheme proposed above can be used to estimate
jacent atoms of the borazine ring. What happendJ(bl—B) the Fermi-contact terms for one-bond couplings in 1,2,3- and
when the substituents are placed on adjacent atoms? Thisl,2,6-triF-borazine using data derived from the FC terms for
question has been addressed by computing the Fermi-contacfi-F- and 2-F-borazine. It should not be surprising that this
terms only for 1,2,6- and 1,2,3-triF-borazine. Table 2 reports scheme does not estimatdN1—-B2) as well for these two
these FC terms, and Figure 5 compares them with Fermi-contactmolecules, since the increase in these coupling constants relative
terms for one-bond couplings for borazine (molecule 1), 1,3,5- to borazine is less than the sum of the increases observed for
triF-borazine (molecule 2), and 2,4,6-triF-borazine (molecule 1-F-and 2-F-borazine, as noted above. As a result, the additivity
4). Substitution at N1 and B2 in 1,2,3-triF-borazine (molecule scheme underestimaté¥N1—B2) by about 1.5 Hz, although

3) further increases the FC term for NB2 coupling to 40 the estimates for the two remaining one-bond couplings are quite
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Figure 5. Absolute values of one-bond FC terms for borazine (1), 1,3,5-triF-borazine (2), 1,2,3-triF-borazine (3), 2,4,6-triF-borazine (4), and
1,2,6-triF-borazine (5). For molecule 3, the columns refer to-B2, N3—B4, and B4-N5.

TABLE 4: Fermi-Contact Terms (Hz) for One-Bond
Couplings in Borazine, 1-Li-Borazine, and 2-Li-Borazine

compd NEB2 B2—N3 N3—B4 B4—N5
borazine —28.7 —28.7 —28.7
1-Li-borazine —22.3 —25.2 —-29.1
2-Li-borazine —-17.4 -17.4 —-27.9 —28.4

good. The comparisons are shown in Figure 4, columns 13
19.
The magnitude of the FC terms for coupling in 1,2,3- and

also slightly reduced by 3.5 Hz to25 Hz. The third coupling
constantlJ(N3—B4) is essentially unchanged. Using an addi-
tivity scheme similar to that derived above for F-substitution
in borazine makes possible the prediction of coupling constants
for the di-Li- and tri-Li-substituted derivatives, based on the
FC terms. For example, the predicted values-{N1—B2),
1J(B2—N3), and1J(N3—B4) for 2,6-diLi-borazine are-16.6,
—17.1, and-27.6 Hz, respectively; the computed EOM-CCSD
FC terms are-17.4,—18.1, and—27.6 Hz, respectively.
Unfortunately, experimental values of coupling constants for

1,2,6-tri-F-borazine further strengths the argument that coupling borazine and substituted borazines are scarce. A one-behtl B
constants in these molecules do not correlate with interatomic coupling constant has been measured'Br4N coupling in

distances. As can be seen from Table 3, the-B2 distances
in these two isomers are 1.435 A, which are the longeshB

1,3,5-trimethylsilylborazine. When converted ¥8—15N, its
value is 32 HZ! According to Wrackmeyer, the sign of the

bonds in the entire series of F-substituted borazines. Yet, thecorresponding reduced coupling constid{:>B—IN) is posi-

FC terms for N:+B2 couplings in these two isomers are the
largest among all F-substituted borazines.

Li-Substituted Borazines.Table 4 presents one-bond Fermi-
contact terms for borazine, 1-Li-borazine, and 2-Li-borazine.
Substitution of Li reduces the NIB2 FC terms for N+-B2
coupling from—29 Hz in borazine te-22 Hz for 1-Li-borazine
and—17 Hz for 2-Li-borazine. Thus, F and Li substitution have
opposite effects on NiB2 coupling constants, with F substitu-
tion increasing (the absolute value é9(N1—B2) relative to
borazine, while Li substitution decreases it. Using two substit-
uents with very different electronic effects, one electron-

tive, which means that)(*>8—1IN) is negative. Although these
data refer to three trimethylsilyl groups as substituents, the sign
of the coupling constant is consistent with the computed signs,
and the magnitude is not unreasonable.

Substituent Effects on One-Bond Coupling in Borazine
vs Benzene.Substituent effects in borazine may also be
compared to those in benzene using the data for Table 5, which
provide one-, two-, and three-bond PSO, DSO, FC, and SD
terms and total for benzene, as well as FC terms for F-benzene,
1,3-diF-benzene, and Li-benzene. The data for benzene show
that 13C—13C coupling constants are dominated by the Fermi-

withdrawing and the other electron-donating, provides reference contact terms, although the contribution of the PSO term to

points on opposite ends of the spectrum for changé3(iil—

B2) resulting from substitution of electron-donating or electron-
withdrawing groups. Substitution of Li at B has little effect on
the remaining one-bond coupling constahigN3—B4) and
1J(B4—N5), again suggesting that substitution effects are
dramatic only for coupling constants involving the atom at the
site of substitution. However, when substitution of Li occurs at
N, the coupling constant for the adjacent bohl{B2—N3), is

1J(C—C) is significant. The experimental values F{C—C),
2J(C—C), and3J(C—C) for benzene are 56.6;2.5, and 10.1
Hz, respectively?33in excellent agreement with the computed
values of 59.8-2.8, and 10.1 Hz, respectivelf.

Since the FC term is the dominant term for-C coupling
in benzene, the discussion of the effect of F and Li substitution
on one-bond € C coupling constants will be based on this term.
F substitution at C1 increas&¥C1—C2) from 65 to 80 Hz but
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TABLE 5: C —C Coupling Constants for Benzene and
Fermi-Contact Terms (Hz) for F-Benzene, 1,3-diF-Benzene,
and Li-Benzene

benzene PSO DSO FC SD J
Cl-C2 -6.3 0.2 64.9 1.0 59.8
C1-C3 0.0 0.0 —2.2 -0.6 —2.8
Cl-C4 0.4 0.0 8.3 1.4 10.1
compd CxC2 C2-C3 C3-C4 C4-C5
benzene 64.9 64.9 64.9
F-benzene 79.8 65.6 65.4
1,3-diF-benzene 81.4 81.4 80.1 66.5
Li-benzene 445 60.5 64.8

leaves the remaining one-bond coupling constad(s2—C3)

and 1J(C3—C4) only slightly changed relative to benzene.
Substitution 62 F atoms in 1,3-diF-benzene increases the two
one-bond coupling constants involving the atoms bonded to F.
Thus, 1J(C1-C2) and1J(C3—C4) increase to 81 and 80 Hz,
respectively. The remaining one-bond coupling const{a4—

C5) increases to 67 Hz. Thus, the effects of mono- and difluorine
substitution in benzene are similar to those observed for F
substitution in borazine. The experimentally determined value
of 1J(C1-C2) for F-benzene is 70.8 H2.Thus, the experi-
mentally observed increase in the -©C2 coupling constant
upon fluorine substitution is reproduced by the calculations,
although the computed EOM-CCSD coupling constant overes-
timates the increase by about 10 Hz.

Li substitution in benzene decreases the FC term for C2
coupling from 65 to 45 Hz. Moreover, analogous to 1-Li-
borazine, the FC term for CZC3 coupling for the adjacent bond
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Li-benzene indicate that F loses electron density while Li gains
electron density in the triplet state relative to the ground
state.

A second explanation derives from the nuclear magnetic
resonance triplet wave function model (NMRTWHRA) This
model states that the sign and magnitude) aeffe determined
by a competition of contributions from the entire spectrum of
excitedo states, with some states making positive contributions
and others negative. Using)(C1-C2) for benzene as an
example, if a particular excited state of benzene has one or an
odd numbers of nodes intersecting the<@12 bond, then the
orientation of the C1 and C2 nuclear magnetic dipoles is
antiparallel, and this state makes a positive contribution to
1J(C1—-C2). On the other hand, if there are an even number of
nodes between C1 and C2 in a particular excited state, then the
contribution toJ(C1—C2) from this state is negative. For the
F-substituted benzenes, the states with positive contributions
are more heavily weighted than the corresponding states in
benzene, thus increasing(C1—-C2). For the Li-substituted
benzenes, the states with negative contributiond(g1—C2)
are more heavily weighted than in benzene. Undoubtedly, this
guestion of substituent effects on coupling constants deserves
further investigation.

Conclusions.Ab initio EOM-CCSD calculations have been
carried out on borazine and selected F- and Li-substituted
derivatives. The results of these calculations support the
following statements:

(1) Relative to borazine, substitution of the electron-
withdrawing substituent F increases the one-bond coupling
constants involving atoms at the substitution sites, while Li
substitution decreases the corresponding coupling constants. The

is also slightly reduced to 61 Hz, while the €84 FC term  remaining unique one-bond coupling constants increase or
remains essentially unchanged. Thus, the pattern of changes irdecrease only slightly. The effects of these substitutents on
FC terms upon Li substitution in benzene is very similar to that borazine coupling constants are similar to those observed for
observed for Li substitution in borazine. Experimentally, benzene.

substitution of the electron-donating group SidducesJ(C1— (2) For di- and trisubstituted F-borazines with the substituents
C2) from 56.0 to 49.5 H#® consistent with the computed results  on nonadjacent sites, the values of coupling constants involving
for Li substitution in benzene. If corresponding reduced one- the atom at which substitution occurs (N1 or B2) are very similar
bond coupling constants for F- and Li-substituted benzenes andto the values in the corresponding monosubstituted derivatives,
borazines are compared, it appears that benzene substitution anguggesting that the effect of substitution has local character.
substitution at B in borazine induces similar changes in reduced The magnitudes of one-bond-8l coupling constants show only
coupling constants. However, relative to benzene substitution, & relatively small dependence on the number of substituents

the effects of substitution at N in borazine are clearly attenuated. present. Nevertheless, the changes in all of the unique coupling
How can the changes in BN coupling constants upon constants for these molecules can be estimated using a bond

substitution in these aromatic rings be explained? There are twogggg“é'g;ﬁzgrzgrg?;%t:stakes into account changes in all one-

plausible approaches. Both arise from the fact that the coupling N .

constants in benzene and borazine are dominated by the Fermiz l(g’)gy\g;%n 1F286u-?§|tilflég?gz?ncg)urtistNa}lgaggSt|i':|1 aggngt:;?ms

contact term and that the operator for this term connects thein(’:r,eases rel,ati,ve t0 N4B2 cou ’ lin constantg fo? molecules

ground-state wave function to excited triplet-state wave func- _ . piing

tions of 0 symmetry. F is a ground-state electron-withdrawing with only one I atom bonded to either N1 or B2, although the

substituent that Ieadé to an increas&J{B—N) in the substituted nerease 1S Igss thag t(?e sum of the increases in the correspond-
. . ing monosubstituted derivatives.

molecules relative to the parent; Li is a ground-state electron- - :

donating substituent Whichpleads to adecrgeaéd(B}—N) Thus “) _Substltu_no_n effects on on e-bond coupling constants _for

it may %e that. in the excited states that dominaté the IEC borazine are similar to substitution effects on one-bond coupling

. ) ) constants for benzene.
term, the F atom loses electron density, thereby increasing the (5) Changes in one-bond coupling constants do not correlate
s electron density of the atom to which it is bonded and i changes in BN distances.
increasing the one-bond coupling constant involving that atom
and its neighbor. On the other hand, since Li is electron-donating ~ Acknowledgment. This work was supported by a grant from
in the ground state, it may gain electron density in the dominant the U.S. National Science Foundation NSF CHE-9873815 and
excited triplet states, decreasing the s electron density of thethe Ohio Supercomputer Center, the Spanish DGI/MCyT Project
atom to which it is bonded and decreasid(3—N) relative to Nos. BQU-2003-01251, BQU-2003-00894, and BQU2003-
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