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Abstract: Nuclear relaxation due to chemical shift anisotropy provides an efficient mechanism for modulating
apparentl;—y andJr—c coupling constants in tris(pyrazolyl)hydroborato complexes, TiRp Specifically,
thallium relaxation via chemical shift anisotropy results in apparent coupling constants to thallium being
dramatically reduced at (i) higher applied magnetic field strengths and (ii) lower temperatures. As a result of
this phenomenon, the absence of observahle; andJr—c coupling constants, per se, should not be taken as
definitive evidence that either (i) the structure is static with a coupling constant of zero or (ii) dissociation of
Tl is rapid on the NMR time scale, thereby resulting in an observed loss of coupling.
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Figure 1. TI[TpRR] complexes.

Trofimenko's tris(pyrazolyl)hydroborato ligand system, fRjp
is one of the most versatile and widely used in modern
coordination chemistr{? In particular, thallium complexes,
TI[TpRR] (Figure 1), have played a prominent role as reagents
in the development of this chemistry, with the consequence that
a large variety of these derivatives has been investigated by
X-ray diffraction and NMR spectroscopy The latter technique
has been used to infer both structural and dynamic differences
between various TI[T§R] derivatives? 11 For example, the
observation thafiy—c coupling constants for TI[TH"M€]4 are

TI[Tp Bu',Me]

greater than the corresponding values in TH¥]3? has been
attributed to repulsions between the 5-methyl substituents
forcing the 3tert-butyl groups closer to the thallium nucletis’

* Former address: University of the Virgin Islands, St. Thomas, U.S. likewise, the broad nature of the 9-H proton resonance in
Virgin Islands 00802. Present address: Symyx Technologies, 3100 Ce””a'TI[HB(ZH-benzb]indazol-z-yl);] was ascribed to the indazole
Expressway, Santa Clara, CA 95051. bei dinated to b ia the Kather th N nit

(1) For recent reviews, see: (a) Trofimenko,Ghem. Re. 1993 93, €ing coordinated to boron via er than N nitrogen .
943-980. (b) Parkin, G.Adv. Inorg. Chem.1995 42, 291-393. (c) atom? In contrast to these examples where enhanced coupling
gitajtima,I NM Tolman,h\‘/\IV. B.PJrO(q:.h Ino;%-gghfgmégflﬁsﬁ 4(15))—R531. (dt)) has been attributed to the proximity of thallium to the nucleus

antos, I.; Marques, ew. J. em. , — . (e eger, D. H : H H H H
L. Coord. Chem. Re 1996 147, 571-595. (f) Etienne. MCoord. Chem. 11 duestion, thebsencef thallium coupling in certain TI[TE"]
derivatives has been rationalized twyo quite distinct explana-
tions. Specifically, the absence of thallium coupling in some

Rev. 1997 156, 201-236. (g) Byers, P. K.; Canty, A. J.; Honeyman, R. T.
Adv. Organomet. Chen992 34, 1-65.

(2) The abbreviations adopted here for bis- and tris(pyrazolyl)hydroborato
ligands are based on those described by Trofimenko (ref 1a). Thus, the
tris(pyrazolyl)hydroborato ligands are represented by the abbreviation [Tp]
with the 3- and 5-alkyl substituents listed respectively as superscripts.
Likewise, bis(pyrazolyl)hydroborato ligands are represented by the ab-
breviation [Bp] with the appropriate superscripts.

(3) For reviews of TI[TER] complexes, see: (a) Janiak, Kain Group
Metal Chem.1998 21, 33—49. (b) Janiak, CCoord. Chem. Re 1997,

163 107-316.

(4) Trofimenko, S.; Calabrese, J. C.; Kochi, J. K.; Wolowiec, S.;
Hulsbergen, F. B.; Reedijk, Jnorg. Chem.1992 31, 3943-3950.

(5) Calabrese, J. C.; Trofimenko, lBorg. Chem1992 31, 4810-4814.

(6) Rheingold, A. L.; Ostrander, R. L.; Haggerty, B. S.; Trofimenko, S.
Inorg. Chem.1994 33, 3666-3676.

(7) Rheingold, A. L.; Haggerty, B. S.; Trofimenko, $. Chem. Soc.,
Chem. Commuril994 1973-1974.

(8) Rheingold, A. L.; Liable-Sands, L. M.; Yap, G. P. A.; Trofimenko,
S.J. Chem. Soc., Chem. Commad®996 1233-1234.

(9) LeCloux, D. D.; Tokar, C. J.; Osawa, M.; Houser, R. P.; Keyes, M.
C.; Tolman, W. B.Organometallics1994 13, 2855-2866.

(10) Sanz, D.; Claramunt, R. M.; Glaser, J.; Trofimenko, S.; Elguero, J.
Magn. Reson. Chenl996 34, 843-846.

(11) For a compilation oflyj—c coupling constants in TI[T§¥] com-
plexes, see: Lgez, C.; Sanz, D.; Claramunt, R. M.; Trofimenko, S.; Elguero,
J.J. Organomet. Chenl995 503 265-276.
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complexes has been interpreted as indicating structures which
result in substituents being made distant from the thallium
center!* while for other complexes the absence of thallium
coupling has been proposed to be due to facile thallium
dissociatior$1516 In this paper, we report further on the
interpretation of appareid—y and Jr—c coupling constantg

in TI[TpRR] derivatives, and describe how these values are

(12) (a) Trofimenko, S.; Calabrese, J. C.; Thompson, lh@&g. Chem.
1987, 26, 1507-1514. (b) Cowley, A. H.; Geerts, R. L.; Nunn, C. M;
Trofimenko, S.J. Organomet. Chenl989 365 19—-22.

(13) It should be noted that subsequent X-ray diffraction studies indicate
that the Bligroups of TI[TF"Me] are not appreciably closer to the Tl center
than are the Bugroups of TI[TPY]. For example, the average nonbonded
Tl---CMes distance in TI[TF"Me] is 3.96 Al3a compared to 4.06 A for
TI[TpBY].120 (@) Yoon, K.; Parkin, GPolyhedron1995 14, 811—821.

(14) For example, the lack of observable coupling in TI[HB(1,4-
dihydroindeno[1,ZX]pyrazol-1-yl] as compared to TI[HB{2-benzp]-4,5-
dihydroindazol-2-yl] has been attributed to a shorter methylene tether in
the former compound pulling the substituents away from the thallium center.
See ref 6.

(15) Experimental data are, however, generally not provided to distinguish
between these two possibilities.

© 1998 American Chemical Society

Published on Web 09/23/1998



Tris(pyrazolyl)hydroborato Thallium Complexes J. Am. Chem. Soc., Vol. 120, No. 40, 10887

strongly influenced by a mechanism that has not previously beenTable 1.  Jn_u Coupling Constant Data for TI[H] as a Function

recognized for such complexes. Specifically, the obsedyeg of Magnetic Field at Room Temperature in CRXI

and Jr—c coupling constants in these complexes are strongly Jn_w/Hz

influenced by rapid relaxation of the thallium nucleus via a  gpecrometer freq/MHz [C(Cht] [H-4] [H-5]

mechanism that is a result of the large chemical shift anisotropy 2001470 T4 172 aa

of thallium. As a consequence, the obserdedy and Jr—c [4.70T] ’ : )
X X . 300 [7.05 T] 12.5 16.0 0

coupling constants are highly dependent upon both (i) the 400 [9.40 T] 5.0 10.0 0

magnitude of the spectrometer magnetic field strength and (ii) 500 [11.75T] 0 0 0

the sample temperature, such that considerable care must be
exercised when using observel;—y and Jn—c coupling
constants to infer differences in the structures and dynamics of
TI[TpRR] complexes.

a Assignments taken from ref 12b.

Results and Discussion

Thallium, as both it2%T| and 2°5T| isotopes!® is renowned C(CHa)s N
for exhibiting large"Jr—x coupling constants with other nuclei.
In fact, "Jr—x coupling constants are among the largest Ji ) L
reportedt® with a value of 6144 Hz having been predicted for
Lri—p of [TIH4] 2% Tris(pyrazolyl)hydroborato thallium com- JAJ, ) .
plexes, TI[TFR], likewise exhibit substantidlr—y and"Jr—c

Jh A

coupling constants!! For example, the room temperature 200
hydroborato complex TI[T§] is characterized by a long-range J L

MHz H NMR spectrum of the tris(3ert-butylpyrazolyl)- sl 1l

Jri—n coupling constant of 14.4 Hz with the hydrogen atoms of ¢ 7 s 5 J 3 2

thetert-butyl groups. Most interestingly, however, the observed Figure 2. 200, 300, 400 and 500 MHH NMR spectra of TI[TS]
Jr—n coupling constants for TI[T'] are significantly reduced in CDCI3- at room te‘mperatur&

upon recording the spectra at higher magnetic field strengths,
with the result thahoneof the signals exhibit coupling in the
room temperature 500 MH#H NMR spectrum (see Table 1
and Figures 24). Furthermore, the observed ¢ coupling
constants are also reduced upon increasing the magnetic field
strength (Table 2), albeit to a lesser degree than observed for
Jn-n.2t It is, however, important to emphasize that thae

Jr—x coupling constants themselves are not reduced; rather, it

is the apparent coupling constants (i.e. the line separations) that
are reduced’
(16) Interestingly, two previous independent reports on TfTpescribe
systematically differendr—c coupling constants.
C(CHy) C—3 C—4 ref

171 51 14 12b
175 66 39 11

It was suggested that the systematic discrepancy was due to the initial
measurements being made “closer to the coalescence tempefature”.
However, since both spectra were recorded at the same temperature (298
K) in the same solvent (CDg)| it is not clear that this provides a satisfactory
explanation for the discrepancy. The data reported in this paper are more
consistent with those of ref 11 and our temperature and magnetic field
dependent studies provide no explanation for the data of ref 12b.

(17) In this article, we use the terms “apparent” and “observed” with
respect to coupling constants to indicate that the values reported are merely
the frequency separation of the multiplet components, recognizing that these
values may be reduced from the true values due to the mechanisms described
herein.

(18) Thallium exists as two naturally occurring spip isotopes: 203T|
(29.5%,y = 1.554x 108 rad T~ s72) and2%5T| (70.5%,y = 1.569x 108 200 MHz|
rad T-1s™%). Due to the similarity of their gyromagnetic ratios, the difference L s |
in 203T| and 295TI coupling constants is generally not discernibléoff—x) -50 0 50
= 1.0097@0r;_x)]. Likewise, 20Tl and205T] relaxation rates are very similar Hz
[RCTD = 1.0195R(*TI)]. As such, the observed NMR phenomena for Figure 3. Magnetic field dependence of the [H-4] resonance of the
molecules containing’®Tl are essentially the same as those contaiffifig B
so that corrections for isotopic content may be ignored. TI[Tp®] in CDCls at room temperature.

(19) (a) Hinton, J. FMagn. Reson. Chenl987, 25, 659-669. (b) In addition to the above magnetic field strength dependence

Hinton, J. F.; Metz, K. R.; Briggs, R. WProg. NMR Spectrosd.988 20, : :
423-513, (c) Hinton, J. .. Metz, K. VMR Newly Accessible Nudiog3 of the coupling constants, a strong temperature dependence is

2, 367-385. (d) Hinton, J. F.; Metz, K. R.; Briggs, R. Wnnu. Rep. NMR  observed. Specifically, théy -y andJn—c coupling constants
Spectrosc1982 13, 211-318. are a maximum close to room temperature and decrease upon

(20) Tarasov, V. P.; Bakum, S. J. Magn. Resonl975 18, 64—68. ; iai _
(21) The magnetic field effect on observégl-c coupling constants is both lowering and raising the temperature from room temper

less than that fodr—n coupling constants due to the fact that their greater ature, as illustrated in Figures—§ and Tables 35. For
magnitude requires a greaf®®T| relaxation rate to effect decoupling. example, at 300 MHz, the resonance attributable to H-4 exhibits
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Figure 4. Magnetic field dependence df—y coupling constants for
TI[TpB4.
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Figure 6. Temperature dependence of observég y coupling

constants of TI[TP“] in CDCl; at 300 MHz (7.05 T).
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e : ' Figure 7. Temperature dependence of observédc coupling
constants of TI[TP"] in CDCl3 at 125.8 MHz (7.05 T).
Table 3. Temperature Dependence &f-4 Coupling Constants
— for TI[TpBY] at 300 MHz in CDC} (values in parentheses for
ds-toluene)
L_/Jk JT|7H/HZ
S 254 KI TIK [C(CH3)3] [H-4]
245 0 0
254 6.3 (4.8) 10.2 (7.7)
L 265 10.5 (10.2) 13.5 (13.2)
' 275 12.0 (12.3) 15.3 (15.0)
286 12.3 15.6
297 12.3(12.9) 15.9 (16.2)
308 11.4 15.6
- = @ 318 9.3(10.8) 14.1 (15.0)
k 328 0 9.6
B W _ ) Table 4. Temperature Dependence &f-c Coupling Constants
' T T T T T T ' for TI[Tp®Y] at 75.5 MHz in CDC}
8 7 6 5 5 4 3 2 1
Figure 5. Variable-temperature 300 MHE NMR spectra of TI[T§Y| In-o/Hz
in dg-toluene. TIK [C(CH3)4] [C(CHa)4] [C-3] [C-4] [C5]
214 172.3 0 55.1 21.8 0
254 174.7 8.5 65.5 40.5 8.9
Table 2. Jyn-c Coupling Constant Data for TI[T] as a Function 297 175.0 16.2 67.2 43.2 155
of Magnetic Field at Room Temperature in CETI 339 173.3 0 59.1 36.8 0
Jni-c/Hz
spectrometer freq/MHz  [@H3)] [C(CH3)] [C-3] [C-4] [C-5] a Jr—y coupling constant of ca. 16 Hz at room temperature,
49.7[4.70 T} 175 66 39 which is reduced to 0 Hz upon cooling to 245 K and is reduced
75.5[7.05T] 175.0 16.2 67.2 432 155  toca. 10 Hz upon warming to 328 K. These observations can
100.6[9.40T] 175.0 0 670 388 O be most easily explained by the existence of two independent
125.8[11.75T] 174 0 65 87 0 processes with opposing temperature dependencies. As will be

a Assignments taken from ref 12bData taken from ref 11.

described in more detail below, the two opposing mechanisms
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Table 5. Temperature Dependence &f-c Coupling Constants
for TI[TpBY] at 125.8 MHz in CDC}

JTI-C/Hz
TK  [C(CH3)q [C(CH)g] [C-3] [C-4] [C5]
240 162 0 34 0 0
260 169 0 49 16 0
280 173 0 62 32 0
300 174 0 65 37 0
320 173 0 63 38 0
340 170 0 52 0 0
Table 6. 2°°T| T; Relaxation Times at Room Temperature for

TI[Tp®¥] as a Function of Magnetic Field Strength

203T| Ty/ms 203T| (1/Ty)/s 2 B/ T2
34.4 20.1 49.703
18.0 55.6 88.172

J. Am. Chem. Soc., Vol. 120, No. 40, 10989

Chart 1
1 2 o2 T
RCSA =+ = (2/151B%(c| | — o1 { Hwoz%g} (1)
1, = TeXp(EL/RT)  (2)
1
ACSH = — oo = (2/15)“/2502(0\1—GL)Z{(DLQTC} for wgte>> 1 (3)
v 2 _ 2
R(CSA) = T (215820 | - 0.)%1 foragie<<1 (4
_ 1 _ 0 T,8Xp(EL/RT) } 5
ROSA= —cemy = @18 B’ (e = o) {1 Py
1 P Texp(EL/RT) 4t,exp(Eo/RT)
A(OD) = - : , a ; ©
7, (DD) 4012 1+ 0" [Teexp(E/RT)I® 1 + 4w [1,eXp(ES/RT)]

T, (CSA) = spin-lattice relaxation contribution from chemical shift anisotropy; y=
gyromagnetic ratio; By = applied magnetic field; 5, and o, = parallel and perpendicular
components of the shielding tensor; 1.= rotational correlation time; w, = Larmor frequency; Ty

responsible fOI’ the ObSGI’VEd behavior are (I) thaIIium nuclear (DD} = dipole-dipole contribution to spin-lattice relaxation; r = internuclear separation.

relaxation due to chemical shift anisotropy, which results in
observedlr—x coupling constantincreasingwith increasing
temperature, and (ii) facile, reversible, thallium dissociation
which results in observedr—x coupling constantgecreasing

with increasing temperature. The former mechanism dominates 514
at low temperatures, while the latter mechanism dominates at 254

high temperatures.

For many nuclei, e.g!H, the chemical shift range is
sufficiently small that the chemical shift anisotropy is incapable
of providing a significant contribution to the spitattice
relaxation. However, for nuclei that exhibit large chemical shift

Table 7. 2%°T| and'H T; Relaxation Times for TI[TR] in CDCls
T]_/S

TIK 299TI Tyms 29°T1 (UTy)/st H[C(CHa)g] *H[H-4] 'H[H-5]

5.9 170 0.368 141 1.06

15.9 63 0.775 2.42 1.74

297 34.4 29 1.64 4.43 3.39

339 58.2 17 2.86 7.39 5.88

measuring the magnetic field strength dependence of#ie
spin—lattice relaxation timé! Thus, at room temperature, the

ranges, the magnitude of the anisotropy may be such that the’*’T! relaxation rate R = 1/Ty) increases dramatically with-
modulation of the magnetic field at a nucleus due to random Magnetic field strength (Table 6), with a magnitude that is

tumbling at the Larmor frequencywg) provides an efficient
mechanism to effect spirlattice relaxation (eq 13 Repre-
sentative examples of nuclei for which chemical shift anisotropy
is known to provide an important contribution to relaxation
include 31p123 7756,24 57':6,25 lOERh'26 lg@t,27 20'4:)b?8 19§Hg’29
and?205T].30

Decisive evidence for rapid relaxation of thallium due to
chemical shift anisotropy contributing to the changeshiny
and Jr—c coupling constants for TI[T§'] was obtained by

(22) (a) Farrar T. C.; Becker, E. Pulse and FT NMRAcademic Press:
New York, 1971. (b) Farrar, T. Gntroduction to Pulse NMR Spectroscopy
The Farragut Press Chicago: Madison, 1989. (c) ThouvendatARtualite
Chim.1996 7, 102-111.

(23) Randall, L. H.; Carty, A. Jinorg. Chem.1989 28, 1194-1196.

(24) Wong, T. C.; Ang, T. T.; Guziec, F. S., Jr.; Moustakis, C.JA.
Magn. Reson1984 57, 463-470.

(25) Baltzer, L.; Becker, E. D.; Averill, B. A.; Hutchinson, J. M.; Gansow,
O. A. J. Am. Chem. S0d.984 106, 2444-2446.

(26) (a) Socol, S. M.; Meek, D. Wnorg. Chim. Actal985 101, L45—
L46. (b) Cocivera, M.; Ferguson, G.; Lenkinski, R. E.; Szczecinski, P.;
Lalor, F. J.; O’Sullivan, D. JJ. Magn. Resonl982 46, 168-171.

(27) (a) Lallemand, J.-Y.; Soulid.; Chottard, J.-Cl. Chem. Soc., Chem.
Commun198Q 436-438. (b) Anklin, C. G.; Pregosin, P. $lagn. Reson.
Chem.1985 23, 671-675. (c) Benn, R.; Beh, H. M.; Reinhardt, R.-D.
Magn. Reson. Chem985 23, 559-564. (d) Dechter, J. J.; Kowaleski, J.
J. Magn. Resorll984 59, 146-149. (e) Pregosin, P. €oord. Chem. Re
1982 44, 247-291. (f) Ismail, I. M.; Kerrison, S. J. S.; Sadler, P. J.
Polyhedron1982 1, 57—59.

(28) (a) Hawk, R. M.; Sharp, P. R.. Chem. Phys1974 60, 1522~
1527. (b) Hays, G. R.; Gillies, D. G.; Blaauw, L. P.; Clague, A. D.JH.
Magn. Reson1981 45, 102-107.

(29) (a) Benn, R.; Guther, H.; Maercker, A.; Menger, V.; Schmitt, P.
Angew. Chem. Int. Ed. Endl982 21, 295-296. (b) Gillies, D. G.; Blaauw,
L. P.; Hays, G. R.; Huis, R.; Clague, A. D. H. Magn. Reson1981 42,
420-428.

(30) (a) Brady, F.; Matthews, R. W.; Forster, M. J.; Gillies, D.I@rg.
Nucl. Chem. Lett1981, 17, 155-159. (b) Hinton, J. F.; Ladner, K. H.
Magn Reson1978 32, 303—-306. (c) Brady, F.; Matthews, R. W.; Forster,
M. J.; Gillies, D. G.J. Chem. Soc., Chem. Commad®81 911-912.

consistent with the observed decrease in coupling consi¥nts.
This magnetic field strength dependence of3¥%&l relaxation

rate strongly implicates chemical shift anisotropy as the source
of the relaxation since, unlike all other mechanisms of relaxation,
which are either field independent or vary inversely with field
strength?2 relaxation due to chemical shift anisotropy increases
with magnetic field strength in the extreme narrowing limigt;

< 1)22 Specifically, the relaxation rate due to chemical shift
anisotropy for axially symmetric molecules depends on the
magnetic field strength, the rotational correlation time, and the
chemical shift anisotropy (eq 1). The rotational correlation time,
¢, IS a function of temperature (eq 2), and at low temperatures
the conditionwotr > 1 is satisfied. Under this condition, the
relaxation rate (eq 3) is independent®f (sincewo = —yBy)

and increases with increasing temperature. At high tempera-
tures, the conditiomez: < 1 is satisfied, such that the relaxation
rate is directly proportional t®y? (eq 4) and decreases with
increasing temperature. Since the observed decredwith
increasing temperature (Table 7) identifies these experiments
as being carried out in the high-temperature regime, the observed
field dependence @R (Table 6) is clear evidence that chemical
shift anisotropy is the most significant contributor to thallium
relaxation. Furthermore, it should be noted that sA®f T,
relaxation times are also observed for other THTjpderivatives
(Table 8), and so the effect is very likely to be general for this
type of complex. The reduction in the obsendgdy andJr—c
coupling constants for TI[T§‘] upon lowering the temperature
from room temperature (Tables—3 and Figures 67) is,

(31)293TI NMR studies were carried out in preference?8TI NMR
studies due to the greater sensitivity f8fT| with the available probe.

(32) Other relaxation mechanisms include dipedépole, spin-rotation,
electric quadrupole, and scalar relaxation, of which the lattermost exhibits
an inverse By’ dependence. See: Howarth, O. Multinuclear NMR
Mason, J., Ed.; Plenum Press: New York, 1987; Chapter 5.
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Table 8. 20%T| Chemical Shift andl; Relaxation Times at 171.4
MHz for Some TI[TFR] Complexes in CDGlat Room
Temperature

olppm Ti/ms MW
TI[TpMez] 2208 33 503
TI[TpBY 2021 33 616
TI[TpBug] 2135 21 754
TI[TpCraMe] 1284 47 664
TI[TpCF™] 1132 35 868
TI[Tpr-To] 1783 18 688
TI[TpArg2 1849 5 1211

aAr = p-CgH BU.

Table 9. 2%T| Chemical Shift Anisotropy and Rotational
Correlation Time Parameters for TI[®P] Complexes Determined
by 2°5TI NMR Relaxation Studies

EJkcal mol?! 7o/S (o1 — oo)lppm
TI[Tp®Y| 2.66 3.00x 10713 2635
TI[TpA] 2.58 3.69x 1012 2156
TIfTpP-To1 2.47 1.54x 1012 2003

aAr = p-CgH,BUl.

therefore, a consequence of increased thallium relaxation at

lower temperatures (Table 7 and Figure 8).

A detailed analysis of the temperature dependence af#fk
relaxation rate for TI[TBY] has allowed an estimate of the
magnitude of the chemical shift anisotropy; (— o) to be
obtained. Specifically, expressing as a function of temper-
ature, 7. = 7, eXpEL/RT),?? the 29T relaxation rate (eq 1)
becomes an explicit function of temperature (eq 5), and the
experimental dataR andT) for TI[TpBY] may be fit by treating
(on — op), 10, and E, as adjustable parameters. The best fit
values are listed in Table 9, which also includes for comparison
the data for TI[TP~T°32 and TI[Tp"2] (Ar = p-CeH4BUY),34
respectively?® Support for the reliability of these data is
provided by the fact that the values®f, 7o, and ¢y — o) for
TI[TpBY] are also consistent with the magnetic field strength
dependence of th&°T| relaxation rate (Table 6f Thus, the
observed slope of 0.6375 T2 in the plot of R versusBg?
compares favorably with the value of 0.60'sT~2 predicted
by the expression (2/1%(oy — on)?t0 expE/RT) (egs 2 and
4), using the values d,, 7o, and @y — op) listed in Table 9.
Finally, the values ofE, and 7o for TI[TpBY] obtained by
analyzing?®3T| relaxation data (Table 9) are also comparable

in magnitude to the values estimated by the temperature

dependence of thtH T; relaxation rates (Figure 9 and Table
10), assuming that dipotedipole interactions are the major
contributors to relaxation (eq 6.

While the relaxation phenomenon due to chemical shift
anisotropy convincingly explains the observed reductiahing
and Jr—c coupling constants upon lowering the temperature

(33) Ferguson, G.; Jennings, M. C.; Lalor, F. J.; ShanahaniAdta
Crystallogr. 1991, C47, 2079-2082.

(34) Libertini, E.; Yoon, K.; Parkin, GPolyhedron1993 12, 2539~
2542.

(35) The chemical shift anisotropyi( — op) for TI[TpA™Z] can also be
calculated directly since the minimum value ®f as a function of
temperature could be measured (2.9 ms at 234 K). Specifiaally known
at the minimunvia the relationshig. = 1/wo,3%2s0 that the chemical shift
anisotropy ¢ — or) can be calculated directly from eq 1. The value obtained
by this method, 2170 ppm, compares favorably with that of 2160 ppm listed
in Table 9. (a) Equation 1 is a minimum when dfd /(1 + tlwe?)} = 0.

(36) Furthermore, th@%TI chemical shift anisotropy of TI[T$] has
been estimated to bea. 2000 ppm by solid-state NMR spectroscopy.
McDermott, A; Peshkovsky, A. Personal communication.

(37) It should be noted that the motions responsible for relaxing thallium
and hydrogen nuclei need not necessarily be the same, and Bgahdz,

values for the different relaxation processes are not required to be identical.
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Table 10. Rotational Correlation Time Parameters for TIFfh
Determined by*H NMR Relaxation Studies at 300 MHz

E./kcal molt 70/s rei/A2
H-4 2.69 5.05x 10713 2.27
H-5 2.42 7.71x 10713 2.36
C(CHs)s 2.77 2.85x 10713 1.87

areir IS @ composite value for, representing all dipolar contributions,
in eq 6. For comparison, the closest-HH interactions area. 2.6 A
for the CH groups and 1.7 A for the GHroups.
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Figure 8. 29°T| relaxation rates (T) for TI[Tp®¥] at 171.4 MHz (7.05
T) in CDCl; as a function of temperature.
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Figure 9. H relaxation rates (T4) for TI[Tp®¥] in CDCl; as a function
of temperature at 300 MHz.

350

from room temperature to ca. 220 K, it does not account for
the decrease in coupling constant upon raising the temperature
from room temperature, since tR&T| spin—Ilattice relaxation

rate continues to decrease (Table 7 and Figure 8). Consequently,
another process must be invoked to rationalize the reduction in
Jr—n andJn—c coupling constants above this temperature. The
most likely origin of the decrease in coupling constants above
room temperature is thallium dissociation. Evidence supporting
this proposal is provided by the observatior?®f 1 magnetiza-

tion transfer between TI[T¥] (Ar = p-CeH4BUY) and TI[T~T°1.
Furthermore, the reduction idr—c coupling constants for
TI[TpMe2] with increasing temperature has also been attributed
to a dynamic process involving thallium dissociatiénLike-

wise, the highly solvent dependent nature of4bhe-r coupling
constant (ranging from 850 to 0 Hz) for the tris[3-trifluoro-
methyl-5-(2-thienyl)pyrazolyllhydroborato thallium complex,
TI[TpCF=T1, has been ascribed to thallium dissociati®r®

(38) Han, R.; Ghosh, P.; Desrosiers, P. J.; Trofimenko, S.; Parkid, G.
Chem. Soc., Dalton Tran§997, 3713-3717.
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Figure 10. 200 and 500 MH2H NMR spectra of TI[T§"Me] in CDCl;
at room temperature.
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Figure 11. 200 and 500 MHZH NMR spectra of TI[TF=™ in de-
toluene at room temperature.

It is important to emphasize that the influence of thallium
relaxation upon theé'H and 13C NMR spectra of TI[TBR]
derivatives is not limited to the example of TI[F{j described
above. As an illustration, the magnetic field strength depend-
encies of théH NMR spectra of TI[TFY"Me] and TI[Tpc ™)
are shown in Figures 10 and 11, respectively.

While it is certainly true that structural and dynamic factors
may influence thelH and 13C NMR spectra of TI[TBR]

J. Am. Chem. Soc., Vol. 120, No. 40, 10931

that the spectra may also be strongly influenced by a nuclear
relaxation phenomenon. Factors which influence the nuclear
relaxation rate include the rotational correlation tinmg @nd

the chemical shift anisotropyi( — op). Since these are both
inherent molecular properties (which are not expected to be the
same for different complexes), it is evident that the effect of
thallium relaxation on théH and3C NMR spectra will be a
unique property of the molecule in question. As such, the
existence of this magnetic field strength and temperature-
dependent phenomenon needs to be considered when using
observedJr—y and Jr—c coupling constant data to provide
structural correlations between various molecéfesikewise,

the absence of thallium couplings does not necessarily indicate
that dissociation is facile.

Conclusion

In summary, thelH and 13C NMR spectra of TI[TBR]
complexes provide exemplary illustrations of the effect of
thallium chemical shift anisotropy. Specifically, chemical shift
anisotropy provides an efficient mechanism to modulate apparent
Jri—n and Jr—c coupling constants in TI[TF] complexes in
such a manner that they are dramatically reduced at (i) higher
applied magnetic field strengths and (ii) lower temperatures.
As a result of this phenomenon, the absence of obserdable
and Jr—c coupling constants, per se, should not be taken as
definitive evidence that either (i) the structure is static with a
coupling constant of zero or (ii) dissociation of Tl is rapid on
the NMR time scale, thereby resulting in an observed loss of
coupling. Magnetic field strength and temperature-dependent
studies are required to provide information to distinguish
between the various possibilities.

Experimental Section

TI[TpMe], 4L TI[TpBY], 12 TI[TpBY],42 TI[TpP~T1,33 and TI[Tp7] (Ar
= p-CeH4BU)3* were prepared by literature methods. TIffg*] and
TI[Tp®F™ were provided as generous gifts from Dr. C. Dowling (EIf
Atochem) and Dr. S. Trofimenko (University of Delaware), respectively.

H NMR spectra were recorded on Varian VXR 200, Bruker Avance
300wb DRX, Bruker Avance 400 DRX, and Bruker Avance 500 DMX
spectrometers and are referenced relative to TMS, using residual protio
solvent signals as an internal calibra#tC NMR spectra were recorded
on Bruker Avance 300wb DRX (75.476 MHz), Bruker Avance 400
DRX (100.570 MHz), and Bruker Avance 500 DMX (125.774 MHz)
spectrometers and are referenced relative to TMS, using solvent signals
as an internal calibrant?®>TI NMR spectra were recorded on Bruker
Avance 300wb DRX (171.440 MHz) and Bruker Avance 400 DRX
(228.587 MHz) spectrometers and are referenced relative to aqueous
TINO; (extrapolated to infinite dilutionp 0.00 ppm):344 using an
external solution of aqueous TIOAc as calibrant. In light of the large
chemical shift range and rapid relaxation times38¥|, standard 1D

(40) In this regard, Tolm&hhas previously noted that;Jc coupling
constants in a series of TI[RB] complexes do not correlate in a simple
fashion with distance between Tl and C, and has pointed out difficulties
with interpreting structural features on the basiswfc coupling constants;
he has also questioned whether these couplings should be considered as
operating “through-space”. “Through-spat®"° couplings of thallium to
other nuclei have, nevertheless, been previously postulated in other
systemg?0de () Petrakis, L.; Sederholm, C. H. Chem. Phys1961, 35,
1243-1248. (b) Ng, S.; Sederholm, C. H.. Chem. Physl964 40, 2090~
2094. (c) Hilton, J.; Sutcliffe, L. HProg. Nucl. Magn. Reson. Spectrosc.
1975 10, 27—-39. (d) Cheesman, B. V.; White, R. F. Man. J. Chem.
1984 62, 521-525. (e) Pecksen, G. N.; White, R. F. I@an. J. Chem.
1989 67, 1847-1850.

derivatives, the examples described herein serve to demonstrate (41) Trofimenko, SJ. Am. Chem. Sod.967, 89, 6288-6294.

(39) In addition, it has been noted that appadkntc andJy—n coupling
constants for TI[TBR] complexes may be solvent dependent. SEqezo
C.; Sanz, D.; Claramunt, R. M.; Trofimenko, S.; Elguera].JOrganomet.
Chem.1995 503 265-276.

(42) Dowling, C. M.; Leslie, D.; Chisholm, M. H.; Parkin, ®lain Group
Chem.1995 1, 29-52.

(43) Dechter, J. J.; Zink, J. 0. Am. Chem. S0d.975 97, 2937-2942.

(44) Specifically, the resonance frequencies of three solutions of BNO
in H,O (1.0, 0.5, and 0.25 M) were extrapolated to zero concentration.
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spectra were acquired with use of a large sweep width (150 000 Hz), hundreds of transients at each delay time within a matter of minutes.
short acquisition €0.2 s) and delay<0.1 s) times, and a 9Qoulse Typical T; experiments used 16 different delay times ranging from 0.2
width. However, even with this large sweep width (corresponding to to 500 ms and required 30 to 60 min to complete.

ca. 800 ppm), due to the large&Tl chemical shift range, it was often

necessary to move the offset several times before the resonances could Acknowledgment. We thank the National Science Founda-
be found. The FIDs were subject to substantial exponential multiplica- tion (CHE 96-10497) for support of this research and Professor
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