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Acid—Base Properties

Sebastien Fortin and André L. Beauchamp*

Département de Chimie, Universitlee Montral, C.P. 6128, Succ. Centre-Ville,
Montreal, Quéec, Canada H3C 3J7

Receied June 22, 2000

Two-electron reduction occurs when the Re(V) precursors RéPG), and ReO(OEt)XPPh), are reacted
with biimidazole (biimh) in boiling chloroform, affording rhenium(lll) cationic complexes of the tygigtrans
[ReXz(PPh)2(biimH2)]X with X = CI, Br, and I. Crystal structures are determined for the compounds with the
three halogens, as well as for the [Rg@Ph),(biimH,)](benzoate) salt. In all cases, the counterion is attached
to the complex cation via hydrogen bonding with theNlgroups of coordinated biimidazole. Variable-temperature
IH NMR spectroscopy shows that a mixture of [R€EPh),(biimH,)](benzoate) and [Re&PPh)2(biimH,)]Cl

is in slow exchange below-50 °C in CD,Cl,, indicating that ion pairing is retained in solution. Both-N
groups can be deprotonated with sodium methoxide, and their acidities are evaluated frovisib spectra.
Competition between monodeprotonated [RERPH).(biimH)] and various carboxylic acids reveals that the acidity
of the first N—H proton corresponds to that of acetic aci{faq) ~ 4.8). By a similar competitive reaction
between bis-deprotonated [ReEPh)(biim)]~ and phenols, the second acidity is estimated to be close to that
of phenol (K (aq) ~ 9.8).

Introduction biimidazole and itd\,N'-dimethyl derivative (biimMg) were
noted to behave differently. ReO{0N—N) and oxo-bridged
[{OReChL(N—N)}2(u-O)] complexes were obtained together
with other species, but corresponding compounds with both
ligands could not be prepared systematically. Synthetic condi-

Following our studies on the reactivity and optical properties
of oxo—rhenium(V) compounds with imidazolés? the 2,2-
biimidazole (biimH) ligand attracted our attention as a candidate

H H tions differed, since biimklis extremely insoluble in virtually
5 N o N5 all solvents whereas biimMeis freely soluble, but these
4,[ />—<2\ ] 4 differences cannot be ascribed to solubility alone. The fre&iN
N N

groups in biimH complexes play a more active role in fixing
halides and other anions via hydrogen bonding, while intermedi-
ates containing monodentate biimHbarticipating in intra-

. L _ L molecular N-H---X interactions are likely involved in halogen
for introducing imidazole units into a metal coordination sphere displacement from the coordination sphere.

as part of a stabilizing chelate ring. Hovyeve_r, since this_ “ga“O!' The reactivity patterns observed with phosphine-free precur-
once deprotonated, can act as a bis-bidentate bridge, itSqq 5 4o not hold when the reactions are carried out with RgOCI
monomeric complexes could be used as building blocks 0 ppp), since the phosphine behaves as an oxygen abstractor
prepare polymetallic comp_oun_ds in which the biimidazole bridge ;.4 reduces the metal to the Re(lll) state. In this paper, we
would promote communication b(_atwe_en me;al centers and gescribe the preparations and structures of Re(lll) monomers
eventu.ally Iead.to:;,ystems showing interesting physical or of the type [ReX(PPh)(N—N)]X, which allowed us to obtain
catalytic properties. evidence for systematic ion pairing between biigndthd the

In our previous paper on their reactivities with the phosphine- ., ,nteranions and to evaluate the acidity of these Njroups
free starting materials ReOCl and ReOGJ(OPPh)(SMe)) 2 y ps-

3 3
biimH,
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Table 1. Crystallographic Data

Fortin and Beauchamp

compound 1-CH;OH-CHCl; 2:H0O 3-2.5CHCE 4-0.5CHCI,
empirical formula Q2H36C|3N4P2ReCH30H'CHC|3 C42H3GBI’3N4P2R9 H20 C42H35|3N4P2R6'2.5CHC[3 C4gH410I2N402P2ReO.SCI-bCIz
fw 1102.66 1102.64 1524.02 1079.82
a A 10.410(2) 9.342(2) 10.479(4) 32.4702(2)
b, A 12.151(2) 35.955(16) 25.791(13) 9.45300(10)
¢ A 18.898(5) 12.825(5) 20.335(8) 30.3331(2)
o, deg 82.277(14) 90 90 90
B, deg 76.19(2) 104.28(2) 108.45(4) 90
v, deg 82.230(13) 90 90 90
v, A 2287.0(8) 4175(3) 5213(4) 9310.5(1)
z 2. 4 4 8
space group PWNo. 2) P2:/c (No. 14) P2,/c (No. 14) Pca2; (No. 29)
temp,°C 20 20 —50 20
A(Cu Ko, A 1.540 56 1.540 56 1.540 56 1.540 56
Pealcs g CNT3 1.601 1.754 1.942 1.540
w, mmt 9.31 9.92 23.03 7.55
R12(l > 20())  0.0345 0.0398 0.0591 0.0823
WR2 (1 > 20(1))  0.0920 0.0965 0.1061 0.2085

aR1 = 3||Fo| — |Fell/ZIFo|. PWR2 = [SW(F3 — FA)ZZw(F2)3 Y2

IH NMR spectra were recorded in CDQr CD,Cl, at 300 MHz on
a Bruker AMX-300 spectrometer or at 400 MHz on a Bruker ARX-
400 instrument. Residual solvent signals (CPTI26 ppm, CRCI,

dropwise addition of diethyl ether. Yield: 58%H NMR (CDCl;
ppm): 6 13.14 (s, PPhortho), 8.67 (t, PPhpara), 8.45 (t, PRfmeta)
(33 = 7.4 Hz), 0.13 (s, b, NH), —0.55 (s, H5),~2.95 (s, H4). UV~

5.32 ppm) were used as internal standards, and the chemical shifts arevis (1 (nm) (€ (M~ cm™)): 472 (2510), 422 (2880), 403 sh (2670),

reported with respect to M8i. UV—visible spectra were recorded for
CH.Cl; solutions on a Varian Cary 5E UWis—NIR spectrometer or
on a Varian Cary 100 Bio apparatus. For the determinationkaf p

330 sh (5500). Anal. Calcd for4gH3sBrsN4sP.ReCHCIls: C, 42.90; N,
4.65; H, 3.10. Found: C, 42.90; N, 4.65; H, 3.03. MS (FABV2):
1001 (M), 1000 (M— H)*, 739 (M — PPh)*, 738 (M— H — PPh)™.

short-path-length cylindrical cells (type 136, 0.9 or 4.2 mm) from uer = 1.64 ug. Crystals of the monohydrate suitable for X-ray work
Quaracell were used. Elemental analyses were performed at thewere obtained by slow evaporation of a metharthéthyl ether solution

Laboratoire d’analysélementaire de I'Universitele Montral. Mass
spectra were recorded in the FABnode for nitrobenzylic alcohol
solutions at the Centre ‘B®mnal de Spectrontee de Masse de
I'Université de Montral. Magnetic moments were determined at the

in open air.

(c) [Relx(PPhs)z(biimH )]l (3). ReO(OEL)L(PPh), (451 mg; 0.44
mmol) was dissolved in 75 mL of boiling chloroform. Biimidazole (70
mg; 0.52 mmol), PPh(231 mg; 0,88 mmol), and 47% HI (0.12 mL;

Laboratoire de Chimie de Coordination du CNRS, Toulouse, France. 0.44 mmol) were then added. The solution rapidly became brown-red,

The measurements were made on the solid samples &€ 2%y the

and some biimidazole remained in suspension. After 1 h, the dark-red

Faraday method, using a Cahn microbalance coupled with a Druschsolution was filtered while hot and the filtrate evaporated to dryness.

electromagnet. HgCo(NC$Sjvas used as the standapg € 16.44 x

The sticky red solid was then dissolved in a minimum amount of

1076 cgs emu), and corrections were applied for the diamagnetism of chloroform and precipitated by adding excess diethyl ether dropwise,

the ligandst3

Preparative Work. (a) [ReCly(PPhg)2(biimH 2)]CI (1). ReOCk-
(PPh), (1.01 g; 1.21 mmol) was suspended in 125 mL of boiling
chloroform. Biimidazole (0.189 g; 1.41 mmol) and BR®.641 g; 2.44

mmol) were then added. The solution became orange-brown im-

mediately, but solid biimidazole had not all dissolved. After 1 h, the

leading to burgundy-colored microcrystals, which were filtered off and
washed with diethyl ether. Yield: 290 mg; 54%4 NMR (CDClg;
ppm): 6 13.07 (s, PPhortho), 8.67 (t, PPhpara), 8.33 (t, PRfmeta)
(33 = 7.6 Hz), 0.62 (s, H5), 0.53 (s, b,N\H), —3.39 (s, H4). U\

vis (1 (nm) (e (Mt cmY)): 535 (3710), 466 (5260), 441 (5450), 402
(4210), 363 (4240). Anal. Calcd for 4136l 3N4P,Re0.5CHCE: C,

solution was dark orange and a very small amount of solid remained 39.71; N, 4.36; H, 2.86. Found: C, 39.70; N, 4.27; H, 2.86. MS (FAB

in suspension. The solution was filtered while hot and the filtrate

m/z): 1097 (M), 1096 (M— H)*, 835 (M — PPh)*, 834 (M — H —

evaporated to dryness, leading to a sticky orange solid, to which a PPR)*. ues = 1.59ug. Crystals of the 2.5 CH@lsolvate suitable for
minimum amount of chloroform was added. Excess diethyl ether was X-ray diffraction were obtained by vapor diffusion of diethyl ether into
then added dropwise to precipitate an orange powder that was filtereda chloroform solution.

off and washed with diethyl ether. Yield: 920 mg; 80%. Crystals
suitable for X-ray diffraction were obtained by slow diffusion of
methanol vapor into a chloroform solutiofd NMR (CDCls; ppm):
0 12.97 (d, PPhortho), 8.62 (t, PPhpara), 8.47 (t, PRymeta) Jun
= 7.6 Hz), 0.36 (s, N-H), —0.96 (s, H5),—2.86 (s, H4).'H NMR
(CD.Cly; ppm): 6 13.07 (d, PPhortho), 8.66 (t, PPhpara), 8.50 (t,
PPh meta) ¢Juy = 7.6 Hz), 0.65 (s, N-H), —1.18 (s, H5),—3.03 (s,
H4). UV—vis (1 (nm) (€ (M™% cm3): 441 sh (2270), 421 (2625),
347 sh (3230). Anal. Calcd for £H36ClsN4sP,Re CHCl;-CH;OH: C,
47.93; N, 5.08; H, 3.75. Found: C,47.71; N, 5.11; H, 3.67. MS (FAB
m'2): 913 (M)*, 912 (M — H)*, 651 (M — PPh)*, 650 (M — H —
PPR)". tesr = 1.30 ug.

(b) [ReBry(PPhg)2(biimH 2)]Br (2). We used the same method as
above starting with ReOB({PPh),, leading to an impure orange powder.
The sample was recrystallized by dissolution in chloroform and

(11) Johnson, N. P.; Lock, C. J. L.; Wilkinson, G. Chem. Socl1964
1054.

(12) Ciani, G. F.; D'Alfonso, G.; Romiti, P.; Sironi, A.; Freni, Nhorg.
Chim. Actal983 72, 29.

(13) Foe, G.Tables de constantes et doeseumeques—Diamagriéisme
et paramaghngsme Masson: Paris, 1957.

(d) [ReCly(PPhg),(biimH 5)](benzoate) (4).To a solution ofl (30
mg; 0.032 mmol) in 8 mL of CkCl, was added 1 equiv of NaOGH
(1.5 mL of a 0.12% w/v solution), whereupon the solution color
changed from orange to brown. One equivalent of benzoic acid was
then added (0.7 mL of a 0.046 M solution in &), and the color of
the solution became orange-red. The solvent was rotovaped to dryness,
affording an orange solid. Crystallization by vapor diffusion of pentane
into a CHClI, solution yielded red crystals suitable for X-ray diffraction.
H NMR (CDCly; ppm): 6 13.11 (d, PPhortho), 8.65 (t, PPhpara),
8.49 (t, PPhmeta) fJuy = 7.6 Hz), 7.07 (t, PhCOO para), 6.85 (m,
PhCOO ortho and meta);2.13 (s, H5),—3.82 (s, H4).

(e) [ReChk(PPhg)2(biimH )] (carboxylate) (4a). Samples of salts with
other carboxylates for NMR spectroscopy were prepared similarly. For
UV—visible and acie-base experiments, the salts were prepared in
situ. 1 (~50 mg) was dissolved in 25 mL of GBI, under an argon
blanket, and 1 (or 2) equiv of NaOGHO.12% solution in methanol)
was added to deprotonate 1 (or 2)-N group(s) of coordinated biim
One equivalent of the carboxylic acid or phenol was then added.

Crystallographic Measurements and Structure Determinations.
The crystal data for the four compounds are collected in Table 1.
Crystals of1l—3 were glued to glass fibers that were then mounted on
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Scheme 1
Ph3F|> Ph3ll3 PhsT Ph3F|’ /———\NH
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an Enraf-Nonius CAD-4 diffractometer. Preliminary search of an axial ~ Synthesis of [ReX(PPhg)2(biimH 2)]X. As mentioned ear-
photograph yielded a reduced triclinic cEliIMonoclinic cells were lier,® the preparative chemistry of biimidazole complexes is
defined for2 and 3 on the basis of the Niggli parameters. Laue hampered by the extremely low solubility of this ligand in
symmetry was eventually checked from the full data set. All data in virtually all solvents, making it difficult to isolate pure
the entire sphere were collected for each of the three compounds,compounds Neverthéless good yields of clean [RBRh),-
corrected for absorption, and averatfed provide the basic four-1j (biimHy)]X F;TOdUCtS were bbtainEd when equimolar amounts

or two-octant 2 and3) data sets. The space groBgi/c was uniquely .l -
defined from the systematic absencesZand3. The structure ofl of biimidazole and the starting Re(¥pxo complexes ReO&!|

was solved and refined normally in the centric space giilip (PPh)2, ReOBg(PPh),, and ReO(OEtHPPh). were reacted

A crystal of4 mounted on a glass fiber was studied with a Bruker in chloroform in the presence of 2 equiv of RPiihe metal
diffractometer, equipped with a SMART 2K CCD area detector. center is reduced to Re(lll) by the phosphine via abstraction of
Graphite-monochromatized CucKradiation was generated from a  the oxo ligand and formation of OPR# The same compounds
normal-focus sealed tube. The crystal-to-detector distance was 4.908were obtained in the absence of free RRfut in lower yields
cm, and the data were collected under the control of SMART softvare  (<2504).
in the 512x 512 pixel mode with 4x 4 pixel binning. The_ initial unit The fact that the yields were tripled by adding excesssPPh
cell parameters were determined by a least-squares fit of the angular . ) . .

supports the mechanism of reduction via oxygen abstraction as

setting of strong reflections, collected by a®9s@an in 30 frames over . . o
four different parts of the reciprocal space (total of 120 framies). O=PPhH, first proposed by Rouschias and Wilkinson for ReCl

complete sphere of data were collected, to better than 0.8 A resolution. (MeCN)(PPR),?® and more recently Confirmgd for other sys-
Upon completion of data collection, the first 101 frames were tems?93% The sequence of events shown in Scheme 1 can

re-collected to improve the decay correction analysis. Irregular crystal explain the stereochemistry observed for the product. Excess
shape precluded the calculation of an analytical correction for absorp- PPk would first add to the oxo ligand to produce a Re(l)
tion, but a SADABS correctioi was applied. phosphine oxide complex. The good-leaving=PPh ligand

The structures were solved by direct methods or Patterson synthesegyould then be displaced by an initially monodentate biimH
of SHELXS-86?andAF syntheses of NRCVAX and SHELXL-93 molecule stabilized via an intramolecular---Cl hydrogen
Unless otherwise stated, non-hydrogen atoms were refined anisotro-y -+ Re-Cl bond breaking would finally take place during a

pically with SHELXL-93. Hydrogen atoms were placed in idealized ncerted or rel ina the chloride ligand and bringin
positions and refined isotropically as riding atoms. Their isotropic concerted process, releasing the chioride figand a ging a

displacement factonsis, were adjusted 20% (50% for GHabove the free N donor into a coordinating position.
value for the bonded atom. Further details for each structure determi-  Interestingly, under the same conditiohsN'-dimethylated
nation are provided in the Supporting Information. The VOID routine biimidazole gave a complicated mixture shown by NMR
of PLATON softwaré? was used to check that no holes large enough spectroscopy to contain various unidentified Re(V) (diamag-
to contain solvent molecules remained in the structures. netic) and Re(lll) (paramagnetic) products. This further supports
the assumption presented eaflitrat the N-H groups play an
active role by quenching the counteranion via twetit--anion

The coordination chemistry of Re(lll) is dominated by the hydrogen bonds and by stabilizing a monodentate biimidazole
diamagnetic R€" core, whose multiple metaimetal bond has  intermediate. This assumption seems to hold for bromo and iodo
been thoroughly studie®.Re(lll) monomers, which are usually ~ compounds, even though hydrogen bonding is weaker.
octahedral and paramagnetic, have attracted less attention. Spectroscopic Characterization.Despite the fact that the
Various compounds containing nitrogen-donor ligands have beencompounds are paramagnetigi(= 1.3—1.6ug), their'H NMR

Results and Discussion

described, many of which are neutral chloro compleXe%. spectra are remarkably sharp, as shown in Figure 1 for the chloro
A few cationic chloro complexes of bidentate phosphines are compoundl. The PPh protons give rise to a typical pattern
known?? identified in other Re(Il)-PPh complexeg* and 3Jy4 cou-

plings (~7.5 Hz) are observed. A relatively large downfield

(14) (1:58%4 SoftwareVersion 5.0; Enraf-Nonius: Delft, The Netherlands,  ghift from the normal diamagnetic position 7.5 ppm) is found
(15) Ahmed, F. R Hall, S. R Pippy, M. E.. Huber, C. P. NRC for the ortho protonsd ~13 ppm). The more remote meta and

Crystallographic Computer Programs for the IBM/360 (Accession Nos. para protons are also displaced downfield, but to a lesser extent

133-147).J. Appl. Crystallogr.1973 6, 309. (0 ~8.40 and~8.65 ppm, respectively). N&H—3P coupling
(16) SMCSTA?(E"I‘;LM?\L‘;%‘flszrn'“\r}ﬁ'yiggseseamh Todlelease 5.059; s gpserved because of the fast relaxation of phosphorus, which
(17) SAINT Integration Software for Single-Crystal DatRelease 6.06; Is consistent _W|th the abs_ence of'® S!gnal- The b|_|m|daZO|e
Bruker AXS Inc.: Madison, WI, 1999. protons are displaced upfield from their diamagnetic values (

(18) Z@ﬁ?ﬁ?'ﬁiﬁ@?"ﬁ?gﬁs ﬂ;g%roﬁfmf’fé%%tor Absorption Cor-  ppm), but much less than the 1-methylimidazole protons in

(19) Sheldrick, G. M.SHELXS-86 Program for the Solution of Crystal

Structures University of Gdtingen: Gdtingen, Germany, 1990. (24) Pearson, C.; Beauchamp, A.Can. J. Chem1997, 75, 220.
(20) Gabe, E. J.; LePage, Y.; Charland, J. P.; Lee, F. L.; White, B. S.  (25) Nicholson, T.; Zubieta, Polyhedron1988 7, 171.
Appl. Crystallogr.1989 22, 384. (26) Nicholson, T.; Zubieta, J. Chem. Soc., Chem. CommaA85 367.
(21) Sheldrick, G. MSHELXL-93 Program for the Refinement of Crystal ~ (27) Cotton, F. A.; Daniels, L. Minorg. Chim. Actal988 142, 255.
Structures University of Gdtingen: Gidtingen, Germany, 1993. (28) Rouschias, G.; Wilkinson, Q. Chem. Soc. A967, 993.
(22) Spek, A. L.PLATON Molecular Geometry ProgramJuly 1995 (29) Banerjee, S.; Bhattacharyya, S.; Dirghangi, B. K.; Menon, M.;
version; University of Utrecht: Utrecht, The Netherlands, 1995. Chakravorty, A.Inorg. Chem.200Q 39, 6.

(23) Cotton, F. Alnorg. Chem.1998 37, 5710. (30) Seymore, S. B.; Brown, S. Nnorg. Chem.200Q 39, 325.
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Figure 1. *H NMR spectrum of [ReG[(PPh)z(biimHy)]CI (1) in CHCl; at

ReCk(Melm)(PPh)s—x complexe$* The presence of one-NH
and two C-H signals confirms the equivalence of the two rings.
The N—H signal is broader, and it is unambiguously identified,
since it vanishes upon addition of a few drops of OD to
the solution. The higher-field ‘€H resonance is tentatively
assigned to the proton (H4) next to the coordination site, since
it is more displaced than the other from its diamagnetic position
and less sensitive to a change in the counterion (see below).
Interestingly,1 and 2 have almost identical spectra, whereas
greater differences are noted f8y especially for the NH
signal, which now appears slightly upfield from H5. It is difficult
to rationalize this behavior, since chemical shifts are affected
not only by intramolecular electronic effects but also by the
formation of [ReX(PPh)2(biimH2)]™X ™ ion pairs in solution
(see below).

In the FAB™ mass spectra df—3, the highestn/z peaks are
unambiguously assigned to the [R&RPh),(biimH.)]* parent
ion on the basis of the isotopic distributions®£Cl, 7981Br,
and818Re. The pattern for (M- H)" is also observed. The
next fragment corresponds to the parent ion having lost one
phosphine (M— PPh)*, which suggests that the phosphines

room temperature (300 MHz}= signals of residual diethyl ether.

Figure 2. ORTEP drawing of [ReG(PPh).(biimH_)]Cl-CH;OH-

CHClI; (1). Ellipsoids correspond to 35% probability, except those for
hydrogens, which are shown as spheres of arbitrary size. Dashed lines
represent hydrogen bonds. In the phenyl ring numbering scheme, the
last digit corresponds to the position around the ring, starting with 1

for the ipso positon.

are more easily displaced than the halides. The opposite behaviointeratomic distances and bond angles are listed in Table 2. In

observed for Re(V) complexes containing bidentate phosphi-
nophenolates reflects the stabilizing effect of the chelate rings
in these compound’:32

The UV—visible bands observed in spectra of the [ReX
(PPh)2(biimH,)]* species are too strong to correspond tedd
transitions. They likely originate from charge transfer, although
they appear at much higher energy than those for the related
[ReCh(PMePh)(bipyridine)]" species studied by Caspar et&l.
Weak bands, whose intensity would be consistent wittdd
transitions, are observed at higher wavelengths when NaOCH
is added to remove the-N\H protons: they appear at 560 nm
(e = 295 M1 cm™1) for [ReCh(PPh),(biimH)] and 653 nm
(e = 325 M~ cm™?) for [ReCh(PPh),(biim)]~ (see Figure S-3,
Supporting Information). It can be reasonably assumed that the
shoulder at~470 nm for the starting [Re@PPh)2(biimH,)] *
species originates from the correspondirgddtransition.

Crystallographic Studies on [ReX(PPhg)2(biimH 2)]X.
Crystal structures were determined for the three [RER).-
(biimHy)]X compounds (X= ClI, Br, I). An ORTEP drawing
of the chloro compound is given in Figure 2, whereas those of
the bromo and iodo complexes can be found in the Supporting

all cases, the unit cell contains a slightly distorted octahedral
cistrans[ReXz(PPh),(biimHy)]* ion. The same stereochemistry
is observed for the neutral [ReffPPh),(acac)] complex? The
Re—P bonds are almost collinear (17#279.2), and their
angles with the cis ligands all lie between 86.5 and 94The
distortion is located mainly in the plane perpendicular to this
direction, and it results from the repulsive effect of the halides
on one another combined with the bite angle76°) of
biimidazole: this small N-Re—N angle and the absence of
bulky o substituents leave space for the halides to move apart
(X—Re—X = 100-10%). In structures of related dichloro
compound@3438 a correlation was noted between the—Cl
Re—Cl angles and the opposite-d{Re—L angles, but the Ct
Re—Cl angles usually remained below XOOThe two cis
N—Re—X angles are close to 9Gor X = Br and |, but they
differ to a greater extent (87.4 vs 97)3or X = Cl.

In the chloro compoundlj, the positive charge causes the
Re—N (2.114, 2.129 A) and ReCl bonds (2.354, 2.381 A) to
be shorter than the corresponding bonds (2.133 and 2.390 A,
respectively) in the trans €Re—N unit of the neutral ReGl

Information (Figures S-1 and S-2, respectively). Selected

(31) Loiseau, F.; Lucctes, Y.; Dartiguenave, M.; Coulais, Y.; Fortin, S.;
Beauchamp, A. Linorg. Chim. Acta200Q 306, 94.
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Table 2. Selected Bond Lengths (A) and Angles (deg) in the
[ReX;(PPh),(biimH2)]X Compounds

1(X =Cl) 2(X=Br) 3(X=I)
Re-N(13) 2.114(3) 2.118(5) 2.135(11)
Re—N(23) 2.129(3) 2.122(5) 2.137(11)
Re-X(1) 2.3806(12) 2.4927(12) 2.671(2)
Re-X(2) 2.3542(11) 2.5052(9) 2.692(2)
Re—P(1) 2.4761(11) 2.483(2) 2.491(4)
Re-P(2) 2.4664(11) 2.491(2) 2.484(4)
N(11)--X(3) 3.184(4) 3.185(7) 3.487(12)
N(21)+-X(3) 3.131(4) 3.489(9) 3.499(13)
C(30)-X(3) 3.547(11)

0+ X(3) 3.206(8) 3.139(1%)
N(13)-Re-N(23)  75.98(13) 75.2(2) 75.7(5)
N(13)-Re-X(1)  173.22(9) 165.76(14) 167.2(3)
N(23)-Re-X(1)  97.30(9) 90.61(15) 91.5(3)
N(13)-Re-X(2)  87.35(10) 90.71(14) 92.2(3)
N(23)-Re-X(2)  163.32(9) 165.83(15) 167.9(3)
X(2)—Re-X(1) 99.38(4) 103.53(3) 100.57(4)
N(13)-Re-P(1)  90.85(10) 92.55(14) 87.8(3)
N(23)-Re-P(1)  90.00(9) 91.46(15) 91.6(3)
N(13)-Re-P(2)  91.00(10) 89.92(14) 91.5(3)
N(23)-Re-P(2)  88.47(9) 90.05(16) 88.7(3)
X(1)~Re—P(1) 89.98(4) 87.05(4) 94.06(10)
X(2)—Re—P(1) 90.22(4) 90.22(5) 86.49(10)
X(1)—Re—P(2) 87.93(4) 90.78(5) 86.67(10)
X(2)—Re—P(2) 91.91(4) 88.84(5) 93.09(10)
P(2)-Re—P(1) 177.24(3) 177.37(6) 179.21(14)
N(11)-H(11)--X(3) 145.2 155.4 157.7
N(21)—H(21)--X(3) 148.9 145.9 154.8
X(3)++*HOR 166.2 (R= CHs) 178.9 (R=H)?
X(3)-+*HCCl; 168.9

aWith the most populated position (Br(3)) of the disordered Br
anion.

(PPhy)(1-methylimidazole) complex?* However, the ReP
bonds here are longer (mean 2.471 A) than that in the latter
compound (2.435 A), as often found when#Roups lie trans

to each othef*

In the three halide compounds studied here, thelRéonds
show no significant dependence on the halogen present. On th
other hand, the ReP bonds in the Cl compound are signifi-
cantly shorter (by~0.02 A) than those in the other two halides,
which presumably reflects a greater positive charge on the Re
center.

Chelate formation imposes strain in the biimlijand at the
ring junction, as evidenced by the €Z2—N3 angles in the
chelate rings{116°) being much smaller than the C2C2—

N1 angles {£133). Also, the N lone pairs are not directed
exactly along the NRe bond: the ReN3—C angles are-116
inside the chelate ring ang137° outside.

Free [ReX(PPh),(biimHy)]* cations likely possess@ axis
bisecting the X-Re—X and the N-Re—N angles. This sym-
metry is not retained in the solid, but the conformations are
rather similar in the three salts and departure from idealized
C,, symmetry is not extreme. The-f bonds in one phosphine
are approximately above those in the other. One ring in each
phosphine (left-hand sides in the figures) is roughly parallel
with the P-Re—P direction, and its projection onto the Redy
plane is close to the bisector of the-Re—X angle (X—Re—

P—C torsion angles ranging from 40 to §3In this way, the
phenyl ortho hydrogens remain far enough from the X ligands.
In the iodide B8), two other rings related by the approxim&lg
axis, one in each phosphine, are roughly parallel to the;RgX
plane. Rings C113C116 and C23+C236 are relatively close

to the N1+C15 and N2+C25 five-membered rings of
biimidazole, respectively. The inter-ring angles are 8.0 and
10.8, respectively, whereas the mean distance8.29 A)

Inorganic Chemistry, Vol. 40, No. 1, 200109

indicate somer-stacking interaction. In the bromid@)( ring
C211-C216 participates in a similar interaction with ring N11
C15 (inter-ring angle and mean distance of 24afd 3.36 A,
respectively), but no phenyl ring is parallel to ring N2@25.

In the chloride (), departure from parallelism is too large on
both sides for stacking to be significant. Therefotestacking
plays a less important role than in the previously reported
[ReOCL(OPPh)(biimH,)]* cation, where the PRlpart of the
OPPHh ligand is less constrained.

As shown in Figure 2, the NH groups inl form hydrogen
bonds with the chloride counterion CI3. This same pattern has
been found in other Re-biimHcomplexes$:3® The Ck--N
distances (3.13 and 3.18 A) are in the accepted range+2.91
3.53 A)#and the N-H-+-Cl systems do not deviate much from
linearity (~147). In addition to a hydrogen-bonded methanol
(O-++Cl=3.21 A, O-H:--Cl = 166), the environment of Cl
includes a CHGI molecule participating in a €H---Cl inter-
action, in which the €&H---Cl unit is close to linearity (169
and the G--Cl separation (3.55 A) is particularly short. The
H---Cl distance (2.59 A) is near the lower limit of the range
reported by Taylor and Kennard for interactions of this t{be.

In the iodide B8) (Figure S-2, Supporting Information), the
I~ counterion is similarly bound to both-N\H groups, in the
same way as in the [(biimbb(biimHs)]l2 unit. Our Nl
separations 3.49 A) correspond to the shortest contacts
observed in this compourfd The presence of two simultaneous
interactions reduces the separation appreciably below the typical
N--:| distance of 3.66 A proposed by Pimentel for single
N—H-:-| systems'3

The bromide 2) crystallized as the monohydrate. The™Br
ions and water molecules are both disordered over two sites
(the most populated environment of the [Re®Ph).-
(biimHy)]™* cation is shown in Figure S-1, Supporting Informa-
tion). The N—H---Br~ hydrogen-bond pattern is less symmetric
than that above. In both cases, linearity is retained (N111—

Br =155, N21-H21—-Br = 146°), but the N11--Br separation

{3185 A) is much below the standard value of 3.3 Mhereas

the N2%--Br distance is greater (3.489 A). Lower symmetry
apparently results from the location of the water molecule
between adjacent Brions in the chains along theaxis in the
glide planes.

Crystal Structure of [ReCl(PPhg)2(biimH 2)](benzoate) (4).
Figure 3 shows the ORTEP drawing of the ion pair. The unit
cell contains the same Re(lll) species as that in the chloride
compound {), and the carboxylate is hydrogen-bonded with
biimidazole N-H groups. Because of poor crystal quality due
to partial evaporation of lattice Gl solvent molecules, the
individual distances and angles (Table S-1, Supporting Informa-
tion) have relatively high esd’s, but the connectivity and overall
structural features are well established.

The asymmetric unit includes two independent molecules,
but their stereochemistries and conformations are almost identi-
cal and they differ very little from those of the chloride salt
(1). The most interesting feature of this structure is the presence
two hydrogen bonds between the biimidazote M groups and
the carboxylate oxygens. These interactions must be particularly
strong, since the NH---O unit is nearly linear {165°) and

(39) Bdanger, S.; Beauchamp, A. lActa Crystallogr.1999 C55 517.

(40) Stout, G. H.; Jensen, L. M-ray Structure Determinatior Practical
Guide Macmillan: New York, 1968.

(41) Taylor, R.; Kennard, QJ. Am. Chem. S0d.982 104, 5063.

(42) Akutagawa, T.; Saito, G.; Kusunoki, M.; Sakaguchi, KBuill. Chem.

Soc. Jpnl1996 69, 2487.

Pimentel, G. C.; McClellan, A. LAnnu. Re. Phys. Cheml1971, 22,

347.

(43)
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Figure 3. ORTEP drawing of [ReG(PPh),(biimHy)](benzoate) 4). L 220 K
Hydrogens are omitted for simplicity. Other conditions are as in Figure

2. The second independent molecule in the asymmetric unit has
essentially the same structure.

1 4 1 188K
4

Table 3. Chemical Shifts of the CH Protons of Coordinated biignH AR AR R RN AR AN AR R AR S LRARRR R aS RO
in [ReCh(PPh)(biimH,)]™ with Various Counterions, Y (6 in 0 -1 -2 -3 -4
ppm; CDCly) (ppm)
Y- H5 H4 Ka(agye
clr -1.18 —-3.03 m-PPh3
CRCOO ~1.27 ~3.37 ~0.25 B o-PPh3

CCLCOO ~1.20 -3.29 0.70
CHCLCOO" ~1.44 ~3.44 1.48 p-PPh3 L

CH,CICOO™ ~1.70 ~3.59 2.85 298 K
CeHsCOO- ~2.13 ~3.82 4.19

L

CH;COO- —3.07 —4.37 4.76

the N--O separation (2.68 A) is close to the lower limit of the 223K 4 JJL
accepted rang®.The spectral data discussed below suggest that
this association is stable in solution. An acetate ion was similarly
associated with [Fe(biimpl(CHsOH)2]2t in the crystal In 208 K
an analogous [Zn(biimk),(CH3OH),]%+ complex recently pre-
pared?® the nitrate counterions were also attached to theHN
groups, but the N-O separation was-0.1 A greater, since
nitrates are poorer hydrogen-bond acceptors than carboxylates.

lon Pairing in Solution. The above crystal structures
obviously establish that ion pairing via hydrogen bonding takes 188 K
place in the solid state. However, they do not prove that such #
ion pairs survive in solution. Various experiments were run 14 12 10 8
starting with [ReCI(PPh)2(biimH,)]Cl to cast some light on (Ppm)
this point. ) ) .

: - Figure 4. Variable-temperaturéH NMR spectra of a mixture ol

The method described for [R(—:;@PP_Q)z(_bl|mH2)](b_enzo§1te) angd4: (A) biimidazole Erotons; B PPt@pprotons. The 68 ppm
(4) was used to replace the counterionliand Ob_ta'n V_ar'ous region (not shown) containing the benzoate resonances is not sensitive
carboxylates, whoséH NMR spectra were obtained in GD to temperature.

Clo. As shown in Table 3, the chemical shifts of the-B
protons of biimH are very sensitive to the counterion, the
signals moving upfield progressively as the counterion becomes
more basic.

Other research groups useti NMR spectroscopy to
investigate the association between carboxylic acids and 1-me-
thylimidazole*® or pyridine?” Their strategies relied mainly on
the signals of the protons actually involved in hydrogen bonding,
but the adjacent €H protons were also found to be affected.
For 1-methylimidazole/carboxylic acid systems, Tobin etal.
noted an upfield displacement of the imidazole H2 resonance

198 K

as the K4(aq) of the carboxylic acid increased. In the present
case, the acidic protons cannot be used, since their signals are
extremely broad or unobserved. Our displacements for H4 and
H5 are very large because they are amplified by paramagnetism.
However, the qualitatively similar behavior of these-&
resonances provides further indication that anions and cations
do not exist as independent moieties in solution but as hydrogen-
bonded ion pairs.

Table 3 also shows that the lower field signal is the more
sensitive to the counterion: this is consistent with this signal
being assigned to H5, which is closer to the-N group and
(44) Martinez-Lorente, M. A.; Dahan, F.; Sanakis, Y.; Petrouleas, V. thus “ke_ly more affected by hydrogen-bo_ndlng eff_ECtS'

Bousseksou, A.; Tuchagues, J.IRorg. Chem.1995 34, 5346. A variable-temperaturéH NMR experiment (Figure 4)
(45) Gruia, L.; Beauchamp, A. L.; Rochon, F. D. Manuscript in preparation. performed with a mixture of [Re@PPh),(biimH,)]CI and
(46) Iggé”éi- GBé?ls\)Nh'tt' S. A; Cassidy, C. S.; Frey, P.Biochemistry  |RaCL(PPh),(biimH,)](benzoate) further supports the presence
(47) Smirnov, S. N.; Golubev, N. S.; Denisov, G. S.; Benedict, H.; Schah- Of stable ion pairs in solution. In separate solutions, these salts
Mohammedi, P.; Limbach, H.-H.. Am. Chem. Sod996 118 4094. show chemical shift differences of 0.95 and 0.79 ppm for H5
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Chart 1 3000
PhsT =\
wNg N—H----Q
Ol 2% I )—r 2500
c” | SNPOSN-H-- -0
P \= 2000
A
PhsP =/ PhgP ™\ 1500
Ny N----H-O N N—H----Q
cl X Clu,, | Ny
AN I pR==_C ~ I >R
CI7 | N7 N-H----0 G | SIN?ON----H-O 1000
PhsP = Phep  \=/
B B 500
and H4, respectively, whereas the protons of the more distant
phosphine are less affected, a small displacement of 0.04 ppm o
bein b df 400 500 600 700 800
g observed for the ortho protons only. At room temperature,
the mixture shows only one set of biimidignals at averaged X(nm)

positions (Figure 4A) because of fast exchange between the twoFigure 5. Visible spectra of 0.011 M solutions of [Re{RPh),-

kinds of ion pairs. When temperature is decreased, these signalgyiimp,)j+ (A), [ReCh(PPh),(biimH)] (C), and a 1:1 [ReGH
broaden progressively as exchange is slowed, and around 22§PPh)g(biimH)]:CH3000H mixture (B) in CHCl,. Cell thickness=
K, coalescence is observed. Spectra at lower temperature exhibin.09 cm.

two sets of biimH signals, showing that the ion pairs survive
as two distinct entities for a long time on the NMR time scale. different spectra. The study was carried out with the chloro
The PPR signals are also temperature dependent (Figure System. The mono- and bisdeprotonated species are generated
4B): the ortho signal at-13 ppm vanishes in the baseline at in solution by adding 1 and 2 equiv of NaOgHespectively.
188 K. This was first ascribed to the above exchange process,The spectra of the three species are given in the Supporting
since the small chemical shift differenc&q = 0.04 ppm) for ~ Information (Figure S-3). The-dd band, probably masked by
the ortho protons should displace coalescence below 225 K.strong charge-transfer bands of [Rg@Ph),(biimH2)] *, shifts
However, even with such a smalld, the coalescence temper- 1o higher wavelengths upon deprotonation and becomes well
ature should not decrease so much. Furthermore, exchangeseparated from these stronger absorptions.
should not broaden the meta and para signals, whose chemical The acidity of the first proton was initially estimated visually
shifts are nearly identical for the two compounds. The observa- via competition reactions with various carboxylic acids. One
tions are better explained by restricted motion of the phosphine equivalent of NaOCki was first added to remove an-\H
(ring rotation about PC bonds and/or phosphine rotation about proton (eq 1), whereupon light-orange [Rg@Ph)2(biimH2)]*
the Re-P bond). The fact that the meta/para signals are lessbecame the deep brown neutral species. One equivalent of a
broadened than those of the ortho protons could be explainedcarboxylic acid was then added. For the following acids«p
by their greater distance from the enhancing paramagnetic(aq) for aqueous solution in parenthes¥she initial orange
center: the chemical shift differences between inequivalent metacolor was regenerated (eq 2), indicating that these acids
(or para) protons in the restricted species would presumably be
smaller than those for the ortho protons. Unfortunately, since [ReCIz(PPh;)Z(biimHz)]+ +CH,O0 —
spectra could not be obtained below 188 K, this interpretation [ReCL(PPh),(biimH)] + CH,OH (1)
cannot be confirmed and the possibility remains that broadening
might be due to relaxation effects involving coupling to [ReCL(PPh),(biimH)] + RCO,H —
quadrupolar Re nucleus. . + _
Acidity of Coordinated Biimidazole. Association of [ReX- [ReCL(PPR),(biimH,)] + RCC, (2)
(PPh)2(biimH,)]* with halide or carboxylate counterions is

: dissociate more readily than the firstH4§ proton: CRCOOH
clearly established by the above results. However, although the
species must be an ion pair for halides, it is not clear whether (—0.25), CG)COOH (0.70), CHGICOOH (1.48), CHCICOOH

the carboxylates actually remain ionic (Chart 1A). Indeed, if (2.85). With (CH‘)3CCOO_H (5.03), the solution rem"f‘i”ed dar_k
the conjugated carboxylic acid was less acidic than the first brqwn and the complex did not reprotonate. For the intermediate
N—H group of the complex, proton transfer would occur and aC'ddS CdHCOOH (4'16) _ar_1q |€H5COOH (I4.19F)" an eécehss Wail
the associated species would actually consist of a carboxylic PheeesSecE[(r)urriC:thﬁ:atm?xltTJI:fw?trk?gggticcoa?:ria i;g#a:ﬁ‘wa?/ t())(:;/vsvéeit
acid hydrogen-bonded to a neutral, monodeprotonated, fJReX - -
(PPhy),(biimH)] species (Chart 1B). X-ray diffraction and NMR tEosebof [EeCé(PPE)z(t;:IrT}H)] and [ReCJ_;rgPPhgz(banz)]*,
spectroscopy cannot discriminate directly between these two thereby s_do_\/vuc]:gt latt e firsthH group has the samégas
possibilities. The two tautomers would exchange rapidly, and 2C€tic acid in CkC. .

the halves of the coordinated biimHigand would become The same approach was qsed to evaluate the acidity of the
equivalent on the NMR time scale. Similarly, concerted proton second N-H group. Two equivalents of NaOGHvas added

jump in the crystal would introduce dynamic disorder that could to generate the turquoise [Re(PR)z(biim)]™ anion, and 1

not be distinguished from a static state in which the halves of €dulv of a phenol was then added (eqs 3 and 4). With
the moleculegwould be equivalent. 3-chlorophenol (Ks(ag)= 8.85)*® and 3-nitrophenol (8.28), the

This problem can however be probed by U\sible - - -
. .. . . 48) CRC Handbook of Chemistry and Physiésth ed. (Special Student
spectroscopy, since [RefPPh)z(biimH,)]* and its derived ( )Edition); Lide, D. R., Ed.; Chemical Rubber Co. P(reis: Boca Raton,
species [ReX(PPh).(biimH)] and [ReX(PPh),(biim)]~ show FL, 1997.
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[ReCL(PPhy),(biimH,)]" + 2CH,0™ —
[ReCL(PPh),(biim)]~ + 2CH,OH (3)

[ReCL(PPh),(biim)]~ + ArOH —
[ReCL(PPh),(biimH)] + ArO™ (4)

dark brown color of [ReG[PPh)2(biimH)] reappeared, whereas
only partial reprotonation occurred for phenol (9.89) and
fp-naphthol (9.51). Figure S-4 (Supporting Information) shows
that the mixture with phenol contains a 4:3 [Rg@Ph),-
(biim)]~:[ReCk(PPh),(biimH)] ratio, affording a K, value
~0.1 unit below that of phenol. Thus, a difference~d units

is found between thely’s of the two N—H groups.

Other (biimidazole)metal complexes have been shown to

possess moderately acidic protons. For instance, [Ruipy)
(biimH5)]?* and its two deprotonated forms are in equilibrium
in MeCN2° Acidity constants not very different from ours were
obtained for [M(L—L)2(biimHz)]2* complexes of ruthenium and
osmium with 2-(phenylazo)pyridine or 2;Bipyridine as ancil-

lary ligands?51 However, since these studies were performed

in water—methanol or waterdioxane mixtures, the individual

Fortin and Beauchamp

between [ReG(PPh),(biimH,)]Cl and [ReCH(PPh)x(biimH,)]-
(benzoate) being slow on the NMR time scale bele®0 °C.

This association imparts good solubility in solvents of low
polarity like benzene, CHGl and CHCI,. lon pairing is
particularly efficient with carboxylates, since the complementary
topology of coordinated biimidand carboxylate allows simul-
taneous formation of two strong-NH---O hydrogen bonds.
Structurally similar species can form even when the carboxylic
acid is weaker than the\H proton, in which case association
involves complementary NH—O and N-H---O hydrogen
bonds (Chart 1B). By UV visible spectroscopy, the protonation
states of coordinated biimidazoles could be determined in the
presence of various carboxylate or phenolate hydrogen-bonding
partners. It was established that, in £&Hp, both N—H groups

can be deprotonated by NaOghkind they have acidities close

to those of acetic acid and phenol, respectively. Therefore,
[ReXa(PPh)2(biimHy)] ™ can be deprotonated using only mod-
erately strong bases and these complexes can be regarded as
good starting species to develop biimidazole-bridged bimetallic
systems.
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