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The reaction between (1-acetyl)pyrene and dimethylformamide dimethylacetal followed by condensation of the
resulting product mixture with hydrazine affords 3(5)-(1-pyrenyl)pyrazole (2) in good yield. The easily separable
bis[(1-pyrenyl)pyrazole]lmethane derivatives CH,(3-pzP"®"), (3a, pz = pyrazolyl ring) and CHa(3-pzPrene)(5-pzPyrene)
(3b) were prepared by metathetical reactions between pyrazole and CH,Cl,, while CH("Pr)(pz™™®"), (4) was prepared
by transamination of 2 with butyraldehyde diethylacetal. Compounds 2—4 are luminescent under irradiation with UV
light and have pyrenyl monomer-based emissions centered near 400 nm. Compounds 3a and 4 each react with
Re(CO)sBr in a 1:1 molar ratio to form highly insoluble complexes Re(CO)sBr[(pzPe"),CH,] (5) and Re(CO)3Br-
[(pzPyrene),CH("Pr)] (6). Complex Re(CO)3Br[(pz).CMe;] (7) was also prepared. X-ray structural studies of 6 show
extensive sr-stacking of pyrenyl groups to form two-dimensional sheets. Pulsed field gradient spin—echo NMR
(PGSE-NMR) experiments show that the complexes are monomeric in tetrachloroethane. Variable-temperature,
difference NOE and 2-D NMR experiments demonstrate that isomers are present in solution that differ by restricted
rotation about the pyrazolyl-pyrenyl bond. The pyrenyl-based emissions centered near 400 nm are quenched by
complexation to the Re(CO);Br moiety in 5 and 6.

Introduction interacting with thesr-cloud of the annulene fluorophore,
bestowing molecular detection capabilities on the resulting
materials. Whereas a number of pyrenyl derivatives of
bipyridine 3¢ phenanthrolinéd and terpyridinéare known,
reports of pyrazolyl-based derivatives are scdraith two
4,5,9,10-N,N,N,N-tetra(pyrazolyl)pyrene derivatives being

The immense interest in the development of multidentate
N-heterocycles bound to pyrenyl moieties has been driven
in part by the desire to incorporate the desirable electrolu-
minescent and photophysical properties of the pyrene
chromophore either into systems with well-known photo-
chemistry for the purpose of studying energy trarisfethe - -
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the only known poly[(pyrazolyl)pyrene] compountidn this
contribution, the preparation and characterization of the
monosubstituted 3(5)-(1-pyrenyl)pyrazole and two of its bis-
(pyrazolyl)alkane derivatives are described. In addition,
because other N,Mliimine derivatives of tricarbonylrhenium

are luminescefitand a recent report documented the use of

a pyrazolato derivative as a phosphorescent dopant in organi

light-emitting electrochemical devic@sye have prepared

Reger et al.

neutralized with NaHCg@ and extracted with four 100-mL portions

of CH,Cl,. The combined organic fractions were dried over MgSO
and filtered, and solvent was removed to leave a red-orange residue
that was purified by column chromatography on silica gel. Silicone
grease and two unidentified blue luminescent impurities wjtk

0.8 were removed by elution with GBI,. The desired compound

.was obtained from the next two bands (blue-green and violet
Suminescent bands, respectively) when the eluent was changed to

2:1 CHCI,/Et,O and then to pure ED. Evaporation of the solvent

and studied the properties of tricarbonylrhenium complexes om these collected bands gave 3.26 g (89% baset) af the

of the N,N-bis[(pyrenyl)pyrazolyl]alkanes.

Experimental Section

desired compound as a pale yellow-orange solid. Comp@8usid
hygroscopic colorless solid that takes on a yellow-orange hue with
trace moisture. The characterization data are for samples whose

Solvents for synthetic procedures and spectroscopic studies wereelemental analyses indicated the form2+e,;H,0. No attempt was

dried by conventional methods and distilled under,athosphere
immediately prior to use. All manipulations involving the prepara-

made to rigorously dry samples &1/,H,0 as the subsequent
syntheses that utilized this substance were successful. Mp= 178

tion of rhenium complexes were carried out using standard Schlenk 180 °C. Anal. Calcd (found) for-%/,H,O: C, 83.65 (83.56); H,

techniques. Re(C@Brl° and MeC(pz)!'! were prepared by litera-

4.62 (4.51); N, 10.27 (10.11}3C NMR (101.62 MHz, CDGJ):

ture methods. All other reagents were used as received from Aldrich 131.4,131.1,130.9,128.8,128.0,127.8,127.3,127.2,126.1, 125.4,

Chemical Co. Full experimental details for the preparation of
butyraldehyde diethylacetal, 3-(dimethylamino)-1-(1-pyrenyl)-2-
propen-1-oneX), 3(5)-(1-pyrenyl)pyrazole?) by two alternative
routes,a,o’-bis[(1-pyrenyl)pyrazol-1-yllmethane), bromotricar-
bonyK o, 0-bis[3-(1-pyrenyl)pyrazol-1-yljmethahehenium §), and
bromotricarbonyl[2,2bis(pyrazol-1-yl)propane]rheniunt); along

125.2,125.0, 124.8, 124.6, 106.9. See Table 1HoNMR spectral
data. Direct-probe M&vz (relative intensity, %) [assignment]: 268
(100) [M]*, 239 (61) [M—NzH]*, 201 (9) [GeHg] ™. UV/ivis (nm,
CoD,Cls) Amax (l0g €): 282 (4.55), 351 (4.47).
1,2-Bis[3-(1-pyrenyl)pyrazol-1-ylJbutane (4).A 100-mL round-
bottomed flask fitted with a magnetic stirbar was charged with 1.3

with characterization data for each, are provided in the Supporting g (4.8 mmol) of Hp#e¢(2), 0.35 g (2.4 mmol) of butyraldehyde

Information. Silica gel (0.0460.063 mm, 236-400 mesh) used

diethylacetal, 2 mL of toluene, and 0.046 g (1 mol %pefsOH

for chromatographic separations was purchased from FischerH,O. A water-cooled condenser was attached to the flask, and the
Scientific. Robertson Microlit Laboratories performed all elemental mixture was heated at reflux for 12 h. TLC, GC/MS, and NMR

analyses. Melting point determinations were made on samplesanalyses revealed the main pyrene-containing components of the
contained in sealed glass capillaries using an Electrothermal 9100product mixture at this stage of a repeated experiment to be the

apparatus and are uncorrected. Infrared spectra of approximatelyunreacted pyrazol@, "PrCH(OEt)(p2¥e"9, and a small amount

15 mM GD.Cl, solutions of the desired compounds contained
between NaBr plates were acquired with a Nicolet 5DXB FTIR

(<20%) of the desired compound CIR¢)(p2Ye"9,. Therefore, an
additional 0.046 g (1 mol %) op-TsOHH,O was added to the

spectrometer. Mass spectrometric measurements recorded in ESlflask containing the product mixture, and the flask was attached to

(+) mode were obtained on a Micromass Q-Tof spectrometer,

a short-path distillation apparatus. The mixture was heated te 150

whereas those performed by using direct-probe analyses were madd.60°C for 4 h atatmospheric pressure by an external oil bath where
on a VG 70S instrument. Absorption measurements were recordedEtOH slowly distilled. The residue was dissolved in a minimum
with a JASCO V-530 spectrophotometer. Emission spectra were amount of 50% CHhCIl,/THF, then silica gel was added, and the
recorded using a JASCO FP-6500 spectrofluorometer. NMR spectrasolvent was removed by rotary evaporation. The mixture was loaded

were recorded by using either a Varian Mercury 400 or a Varian
Inova 500 instrument, as noted in the text. Chemical shifts were
referenced to solvent resonances at eihei7.27, 6¢c 77.23 for
CDCls; 6y 5.99, 6¢ 73.28 for GD,Cly, or oy 2.05, 6c 29.8 for
acetoneds.

Syntheses

3(5)-(1-Pyrenyl)pyrazole, (2). Method A2 A solution of 0.971
g (14.2 mmol) of hydrazine monohydrogenchloride in 200 mL of
distilled water was added in one portion to a hot (@) solution
of 4.08 g (13.6 mmol) ofl. in 100 mL of MeOH resulting in the
immediate precipitation of a canary yellow solid. The resulting
mixture was heated at reflux for 1 h, cooled to room temperature,

(8) Guerrero, J.; Piro, O. E.; Wolcan, E.; Feliz, M. R.; Ferraudi, G.; Moya,
S. A. Organometallics2001, 20, 2842.

(9) Ranjan, S;; Lin, S.-Y.; Hwang, K. C.; Chi, Y.; Ching, W. L.; Liu,
C.-S.; Tao, Y.-T.; Chien, C.-H.; Peng, S.-M. Lee, G.Ilhbrg. Chem.
2003 42, 1248.

(10) Schmidt, S. P.; Trogler, W. C.; Basolo, FRorg. Synth 199Q 28,
160.

(11) Hill, M. S.; Mahon, M. F.; McGinley, J. M. G.; Molloy, K. C.
Polyhedron2001, 20, 1995.

(12) Adapted from Pleier, A.-K.; Glas, H.; Grosche, M.; Sirsch, P.; Thiel,
W. R. Synthesi001, 55.
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onto a silica gel column where slow elution with g, afforded

a colorless blue luminescent band (silicone grease and another
unidentified impurity), followed by a pale yellow band (bright blue-
green luminescenc& = 0.8) that contained the desired compound.
A second, closely following, pale yellow band (blue luminescence,
R = 0.7) eluted next and contained the monosubstituted derivative
"PrCH(OEt)(p2¥en9. Direct-probe MSm/z (relative intensity, %)
[assignment]: 368 (52) [M], 323 (5) [M — OEt], 268(100)
[pzPyreng+, 239 (22) [p2¥ene— N,H]t, 201 (8) [GgHo, (1-pyrenyl)].
Finally, the column was flushed with 2 to recover unreacted
pyrazole. Evaporation of the solvent from the first pale yellow band
gave 0.612 g of CHPr)(p2¥ren9,, 4 (43% vyield based on
butyraldehyde diethylacetal), as a fluffy, yellow solid. Mp: -89

90 °C glass transition, 110C liquid. Anal. Calcd (found) for
CsH3zoN4: C, 85.40 (84.96); H, 5.12 (4.68); N, 9.48 (9.1%C
NMR (101.62 MHz, CDGCJ): 152.4, 131.6, 131.3, 131.2, 129.7,
128.9,128.8, 128.0, 127.8, 127.7, 127.6, 126.2, 125.7, 125.4, 125.1,
125.0, 108.3, 76.6, 36.5, 19.1, 13.8. See Table 1forNMR
spectral data. Direct-probe HRM8Vg): [M]* calcd for GaH3oNs4,
590.2470; found, 590.2479. Direct-probe Mt (relative intensity,

%) [assignment]: 590 (100) [M] 322 (52) [M — pz»renq, 307

(3) [M — pz?reneCHg] ", 295 (20) [M— pz?rene—CH,CHs] *, 281

(22) [CHp2Yyrenq+, 268 (72) [p2ye"q+, 239 (22) [p2Yere— NoH] ™,



Complexes of,o'-Bis[(1-pyrenyl)pyrazol-1-ylJalkane Ligands

Table 1. Summary of Assignments dH NMR Resonances for Some Organic (1-Pyrenyl)Pyrazolyl Derivatives

pyrazolyl pyrenyl
d,J=25Hz dJ=76Hz dJ=9.0Hz dd, t,ddJ=7.6 d,J=9.3Hz
compound solvent K Hg Hs Hy Hs Hg Hs Hes H7 Hs Ho Hio
H(pz*Ye"9 (2) CDCl - 6.72 7.72 8.05 8.02 7.92  7.99 8.13 7.98 8.12 8.00 8.51
acetoneds 12.75 6.84 8.09 8.31 8.28 8.17 7.99sc 8.29 8.07 8.27 8.19 9.13
CHa(pz¥en9, (3a) CDCl; 6.67  6.83 8.03 8.27 825 8.26 8.12sc 822 804 821 8.15 8.83
acetoneds 6.86 6.94 8.31 8.35 8.33 8.34 8.9 830 808 827 8.20 9.10
CH(Pr)(p2Yyen9, (4>  CDCl3 6.76 6.83 8.04 8.27 8.25 8.25 8.18sc 824 8.05 8.22 8.16 8.84
acetoneds 7.01 6.92 8.32 8.34 8.32 8.33 8.18 8.29 8.07 8.25 8.19 9.11
CoD2Cly 6.76 6.84 8.04 8.29 8.26 8.25 8.18sc 8.23 8.06 8.22 8.16 8.85

asc = strongly coupled, nonfirst-order systeRPropyl resonances occur with expected multiplicities,at= 2.88, 1.58, 1.16 (CDGJ C;D,Cls) and at

oy = 2.92, 1.57, 1.12 (acetone)d

201 (15) [GeHo, (1-pyrenyD)}t. UVivis (nm, GD,Cls) Amax (l0g
€): 283 (4.90), 351 (4.84).

Bromotricarbonyl { 1,1 -bis[3-(1-pyrenyl)pyrazol-1-yl]butane} -
rhenium (6). A mixture of 0.090 g (0.22 mmol) of Re(CeBr
and 0.13 g (0.22 mmol) of in 15 mL of toluene was heated for
5 h at reflux under N Solvent was removed by vacuum distillation.
The yellow residue was washed with two 10-mL portions ofEt
leaving a colorless solid that was dried under vacuum for 30 min.
This solid was initially dissolved in 5 mL of CHglbut within a
few minutes, it precipitated (see text); the mixture was then heated
to reflux and cooled to room temperature to complete the precipita-
tion. The reprecipitated product was collected by filtration and air-
dried to give 0.17 g (79%) d as a colorless solid. Mp: 237238
°C decomposition. Anal. Calcd (found) for,413,N,OsReBr, 6-
H,O (see text): C, 56.36 (56.57); H, 3.36 (2.97); N, 5.84 (5.74).
IR (CoH,Cly, cmh): e 2032 (vs), 1930 (br, s), 1898 (br, s). UV/
vis (nm, GH,Cly) Amax (l0g €): 280 (4.90), 320 (4.43), 334 (4.76),
350 (4.90).'H NMR (400 MHz, GD,Cl,): 9.01 (br, s, PrCH),
8.27-7.95 (br, m, pyrenyh Hs — pz), 7.78 (dJ = 9.3 Hz), 7.75
(d,J=9.3 Hz), 7.68 (dJ = 9.3 Hz), 6.76 (dJ = 2.5 Hz), 6.71
(d,J=2.5Hz), 6.70 (d) = 2.5 Hz), 2.84 (m, &,CH,CHj), 1.93
and 1.85 (br, m;—CH,CH,CHjz), 1.30 (br, m, CH); see text for
details. HRMS-ESK) (m/2): [M — Br]* calcd for GsHzoN4Os-
Re, 861.1878; found, 861.1885. ES)(MS nvz (relative intens-
ity, %) [assignment]: 902 (3) [Re(CELH;CN)(L)]*, 861 (100)
[Re(COX(L)] T, 394 (15) [Re(COYCHsCN);] . Direct-probe MS
m/z (relative intensity, %) [assignment]: 940 (0.05) [Re(GO)
Br(L)]", 590 (10) [L]", 322 (62) [L — pz¥enq*, 281 (24)
[CHpzvreng+, 268 (100) [Hpyreng*, 239 (39) [Hp2yere— NoH] ™,
201 (13) [GeHo] *.

Crystal Structure Determination of 6. Crystals of the title

X =H
= CH(@],
= CIH(®)]("Pr)

Table 2. Crystallographic Data for Re(CeBr[(pz™"9,CH("Pr)]-

0.25E$0-0.25Acetone

compound 6+0.25E$0-0.25 acetone
Ca6.74H34BrN4O3 s0Re formula weight, 973.89
a=28.6491(8) A T=150(1) K
b=14.6714(13) A 2 =0.71073 A
c=17.2380(16) A D (calcd)= 1.649 g/crd
o = 66.333(2) u=4.166 mnTt
B =78.312(2) space grouf-1
y = 83.869(2} R=0.0542
V=1961.1(3) B Ry = 0.1225
zZ=2

were measured at 150(1) K on a Bruker SMART APEX CCD-
based diffractometer (Mo & radiation,A = 0.710 73 A)12 The
raw data frames were integrated and corrected for Lp effects with
SAINT+.13 The final unit cell parameters are based on the least-
squares refinement of 5195 reflections from the data set with
5(0)l. Analysis of the data showed negligible crystal decay during
data collection. An empirical absorption correction based on the
multiple measurement of equivalent reflections was applied with
the program SADABS3

The compound crystallizes in the triclinic system in the space
group P-1. The structure was solved by a combination of direct
methods and difference Fourier syntheses and refined by full-matrix
least-squares agairfst with SHELXTL.™ All atoms of the rhenium
complex were refined with anisotropic displacement parameters.
A region of disordered solvent situated about an inversion center
was modeled ad/, acetone and/, diethyl ether per rhenium
complex and refined with a common fixed isotropic displacement
parameter, with the aid of 16 geometric restraints. All hydrogen
atoms were placed in geometrically idealized positions and included
as riding atoms.

compound were available only as tiny colorless needles of mediocre
quality. The largest and best of these was mounted onto the end of(13)

a thin glass fiber using inert oil for data collection (see Table 2).
X-ray intensity data covering the full sphere of reciprocal space

SMART version 5.625SAINT+, version 6.22; an@ADABSversion
2.03; Bruker Analytical X-ray Systems, Inc.: Madison, WI, 2001.
(14) Sheldrick, G. M.SHELXTL, version 6.1; Bruker Analytical X-ray
Systems, Inc.: Madison, WI, 2000.
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Scheme 1. Optimal Route to 3(5)-(1-Pyrenyl)pyrazole
H

ﬁ_.

Conditions: &. excess Me;NCH(OMe),, reflux 20 h, HO. ii. H,N-NH;3Cl, reflux 1h.

Scheme 2. Preparation of Bis[(1-pyrenyl)pyrazolyl]alkanes
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Results and Discussion

Reger et al.

chromatography, and the identity of each was established
by using a combination of NMR spectral data (vide infra)
and, in the case da, X-ray diffraction studies of the reaction
product with Re(CQpBr (see Supporting Information). The
compound CHPr)(p2Ye",, 4, was prepared by the reaction
between butyraldehyde diethylacetal with 2 equiv of M2
at 150°C. The desired product was formed in significant
amounts only when ethanol was dynamically removed from
the reaction mixture. Otherwise, HB{)(OEL)(p2Y™"9 was
isolated as the main product as determined from GC/mass
spectra, NMR spectra, and mass measurements (of recovered
pyrazole).

Ligand Characterization. NMR Spectroscopy.Each of
the newly prepared (pyrenyl)pyrazole derivatiZe8a, and
4 was characterized by multiple advanced NMR spectro-
scopic methods not only as an attempt to provide full
assignments for theid NMR spectra but also to provide a
basis for elucidating potentially challenging spectra of metal
complex derivatives. Although tHél NMR spectrum of each
compound was complicated as a result of numerous overlap-
ping multiplet resonances in the low-field region, the
assignments were tractable, and the results of these studies
are summarized in Table 1. As expected for (1-pyrenyl)-
pyrazole, four pairs of doublets, one set of multiplets (two

Ligand SynthesesThe reaction between (1-acetyl)pyrene doublets of doublets and one triplet fore,HHg, Hy,
and dimethylformamide dimethylacetal followed by conden- respectively), and a broad singlet for-lfi comprise the
sation of the pyrenyl acroleirl, with hydrazine monohy-  NMR spectrum, as determined from an inspection of the
drogenchloride afforded the desired pyrazaglen 77% yield, normal, the homonuclead-resolved, and the DQCOSY
as depicted in Scheme 1. A convenient feature of the first spectra. Referring to the figure in the inset of Table 1, the
step of the depicted pathway is that, after standard hydrolytic resonances for ¢l H;, and H are easily distinguished in
workup, extraction, and solvent removal by rotary evapora- the homonuclead-resolved experiment as a result of their
tion, an oil with the composition (pyrene)C(O)CHCH- unique multiplicities. The remaining four doublets can be
(NMe,)-1.5DMF (as determined by integration of itsl categorized by their coupling constants. The hydrogens of
NMR spectrum) was isolated and could be used directly for the pyrazolyl group have a coupling constdant 2.5 Hz,
the preparation of the desired pyrazole in good yield. whereas those of the pyrenyl group can be subdivided into
Alternatively, the DMF-free intermediate (1-pyrene)C(O)- three sets: a small(= 7.6 Hz), a midrangeJ(= 9.0 Hz),
CHCH(NMe,) was also obtained by separating the constitu- and a large I = 9.3 Hz) coupling constant. The NOE
ents of the oil on a silica gel plug and was used successfully difference spectra of the pyrazalewere used to establish
for the preparation oR, although the overall yield was the relative positions of the latter three pairs of doublets about
slightly lower than when the crude oil was used. The the pyrenyl ring. Selective irradiation of the resonance for
preparation of2 by the more typical Claisen route (the H, of the pyrazolyl ring caused NOE enhancement to one
reaction between acetylpyrene, ethyl formate, and sodiumresonance each of the smalknd larged pair of doublets,
methoxide) was riddled with difficulties: The first intermedi- which assigned the midrangeedoublet to the distal ring
ate Na[(1-pyrene)C(O)CIE(O)H] forms a gel at high  containing H and H. Irradiation of the doublet of doublet
concentrations in toluene hindering its isolation by filtration. resonances at cd. 8.13 caused NOE enhancement to one
Once obtained, this intermediate and the subsequent productsesonance of the distal ring {Hand to one of the resonances
exhibited low solubility in the solvents employed. Each of for the larged doublet. This observation fixed the position
these experimental complications likely contributed to the of the smalld doublet to the ring with lland H; and, hence,
lower yield of this latter route (38%) when compared to that the position of the largg-doublet to the ring with kland
depicted in Scheme 1. Hio. The NMR spectra of compoun@sand4 were similar

The compounds Cifpz¥"9, (3) and CH(Pr)(p2Y"9, but had resonances for their respective alkane backbones
(4) were prepared by following established methodology for instead of a NH resonance. Sample spectra for each
the preparation of other bis(pyrazolyl)alkanes, as depicted compound are provided in the Supporting Information.
in Scheme 2. Thus, the biphasic metathetical reaction Electronic Spectroscopy. The absorbance spectra of
between CHCI, and K(p2¥*"9 (formed in situ) in the compounds2—4 (Supporting Information) are typical of
presence of phase-transfer catalyst afforded a 62% yield ofthose for other N-heterocycles with covalently bound pyrenyl
3 as a mixture of 3,3{3a) and 3,5- 8b) isomers in a 2:1  groups in that a long-wavelength absorption for a pyrenyl-
mol ratio. The isomers could be separated by column basedz—s* transition is found centered at 350 nm while

7638 Inorganic Chemistry, Vol. 42, No. 23, 2003
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Scheme 3. Preparation of Rhenium Bis(pyrazolyl)alkane Complexes
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the heterocyclic (pyrazolyl)-based-x* transition is found
centered near 280 _nhﬁ.Excnann at elther_ of the WaVe- e 1. ORTEP diagram of the molecular unit of Re(GB(pZ¥"e"9,-
lengths corresponding to the two absorption maxima pro- cHPr)] (6) with 50% probability ellipsoids.

duces the broad emissions centered at 406, 396, and 392

nm for compound<, 3a, and4, respectively. The wave- ] ) .
lengths of these emission bands are comparable to those fol(PZ**")2CHz], 5 (Supporting Information), and also assisted
pyrenyl monomer-based (38@00 nm) rather than excimer- N theH NMR assignments as isomers where both 1-pyrenyl
data suggest th@&—4 are monomeric in dilute tetrachloro-  "ngs in a bis(pyrazolyl)alkane ligand should give rise to

ethane solution, rather than being associated via intermo-dualitatively similar spectra (vide infra). Second, the nitrogen
lecular zz-stacking interactions. donors of the pyrazolyl rings occupy positions trans to two

of the three facially arranged carbonyls, with the bromine
occupying the remaining position. All bond distances and
angles involving rhenium and its ligating donor atoms are
within typical values® Another feature of interest in the

Rhenium Complexes. Synthese3he rhenium derivatives
of 3and4 and of 2,2-bis(pyrazolyl)propane (for comparison
purposes) were prepared by reacting Re@BDwith the
appropriate ligand in a 1:1 molar ratio in toluene according . _ .
to Scheme 3. Whereas compouhprecipitates cleanly from  Structure of6 is that both bromine and H(1) occupy axial
the reaction mixture, compounds Re(GBY[(pz?**"),CHj] positions of the boat where their interatomic separation of

(5) and Re(CORBI[(pz?*",CH("Pr)] (6) required extensive 2.6{r Alis .Iess than 2.97 A the sum of their van der Waals
drying and reprecipitation with chloroform to liberate trace radii.” This short CH--Br Filstance and the associated a”Q'e
toluene. The reprecipitated produbtand6 exhibit moderate (148'9)_ are repre;entatwe _Of a weak hydrogen—bond_mg
solubility in tetrachloroethane (heating is required to dissolve INtéraction and might contribute to the greater boatlike

samples to maximum concentration of about 15 mM), only character of the chelate ring mcompgred to that found in
trace solubility in acetone, and virtually no solubility in most R€(CO}Br[(pz).CMe;]. (See Supporting Information for a

other common organic solvents. The IR spectrum of each MOre complete comparison.) Some final features of interest
compounds—7 in tetrachloroethane has three bands for CO re that the mean planes of the bonded pyrazolyl and pyrenyl
stretches as expected fofaa-tricarbonylrhenium. The mass ~ 9roups are nearly orthogonal (93,196.5) and the mean
spectra of compounds-7 share the following features: The ~Planes of each of the two pyrene rings are tilted 12fr@m
parent ions [Re(CQBr(L)]* could be seen as peaks of low ©ON€ another where thg bqlk of the unsymmetnca} plane of
intensity in the direct-probe experiments, whereas they were €ach 1-pyrenyl group is directed up toward bromine above
not observed in the ESK) experiments. Peaks corresponding the rhenium-nitrogen bonds. These features favor extensive
to the loss of bromine ([Re(CGL)]* ions) were observed ~ 7T—7 stacking and CH interactions involving both pyrenyl

in both sets of experiments and for [Re(G@plvent)(L) ~ &nd pyrazolyl groups that organiseinto two-dimensional
in the ESI@) experiments. sheets as depicted in Figure 2. A full discussion detailing

the supramolecular structure can be found in the Supporting
Information. The extensiver—x stacking and CHux
interactions are thought to contribute significantly to the low

Crystallography. Crystals of6 suitable for single-crystal
X-ray diffraction analysis were grown by vapor diffusion of
Et,0 into an acetone solution of the initial toluene precipitate o
from the preparative reaction. The molecular structure and solubility of complexess and®.
atomic labeling scheme are shown in Figure 1, and selected
bond lengths and angles are collected in Table 3. The first (16) é%)oseé’;g'(f_'é)'; ?60"}’8)' iivjeé Sg"_ithF;a'\Sl'OD'Aqg%?roe?;etjCBe'g .
noteworthy feature regarding the structure of the compound  Domingos, A.; Santos, 0. Chem. Soc., Dalton Trang002 24, 4714.
was that the pyrenyl groups are in the expected 3-position (chf”ggit'c\)"ri?TTr ?nns'ng; 1Bg'zxi;sligve(g)naAnrali_z'z%i;angAP-'gﬁgﬁ{gé
of the pyrazolyl ring rather than being in the 5-position. This G.; Maspero, A.; Moret, M.. Masciocchi, NEur. J. Inorg. Chem.

feature was also observed in the structure of RegB0) 1971 10, 1503. (e) Orrell, K. G.; Osborne, A. G.; Da Silva, M. W,;
Hursthouse, M. B.; Coles, S. Polyhedron1997 16, 3003. (f)
Cobbledick, R. E.; Dowdell, L. R. J.; Einstein, F. W. B.; Hoyano, J.
(15) Simon, J. S.; Curry, S. L.; Schmehl, R. H.; Schatz, T. R.; Piotrowiak, K.; Peterson, L. KCan. J. Chem1979 57, 2285.

P.; Jin, X.; Thummel, R. PJ. Am. Chem. S0d.997 119 11012. (17) Rowland, R. S., Taylor, Rl. Phys. Chem1996 100, 738.

Inorganic Chemistry, Vol. 42, No. 23, 2003 7639



Reger et al.

Table 3. Selected Bond Lengths (A) and Angled {or Re(CO}BI[(pzPYe"9,CH("Pr)] (6)

bond lengths bond angles

Re—-C(73) 1.858(12) C(73)Re—C(72) 88.5(5) C(72yRe—N(11) 94.8(3)
Re—C(72) 1.883(11) C(73)Re-C(71) 87.9(4) C(7HRe-N(11) 178.3(4)
Re—C(71) 1.899(11) C(72)Re-C(71) 86.5(4) N(21)yRe-N(11) 84.0(3)
Re—N(21) 2.221(7) C(73yRe-N(21) 90.9(4) C(73)Re—Br 174.1(3)
Re—N(11) 2.241(7) C(72yRe-N(21) 178.6(3) C(72yRe-Br 91.5(3)
Re—Br 2.6237(12) C(7THRe-N(21) 94.7(4) C(71}Re-Br 86.2(3)

C(73)-Re—N(11) 93.2(4) N(21)Re—Br 89.3(2)

Figure 2. Two-dimensional sheet i formed by CH-x (solid line) andr—s (dashed line) stacking interactions. The perpendicular interplane separation
of 3.313 A occurs between nonoverlapping pyrene centers (i.e., motainteraction).

NMR Spectroscopy.Multiple NMR experiments revealed
several features concerning the solution chemistry of com-
pounds 5—7 that can be summarized as follows: (a)
Compound$ and6 exist as multiple conformational isomers
in solution that are related by (restricted) rotation of the
1-pyrenyl groups. (b) Only one of a possible two geometrical

isomers of compound is isolated from the preparative
reaction. (c) CompoundS and 6 begin to decompose in
solution at about 120C, presumably to give an ionic species
of the form [Re(COxsolvent)][Br]. (d) Compounds$ (and
by analogy5) and7 are monomeric in tetrachloroethane.

Figure 3 provides a comparison of the low-field regions " " 99 " 'g¢ 82 78 68 62 ppm
of the room-temperaturgd NMR spectr_a for5 (top) andé Figure 3. Low-field regions oftH NMR spectra ob (top) and6 (bottom)
(bottom). Because of the more extensive overlap of a largerin c,D,Cl..
quantity of multiplet signals in the spectra of compousds
and6 compared to the spectra of the free ligands, complete free ligand. Therefore, in the case ®fthe two doublets in
assignments were not possible. Although an attempt to the 8.6-8.5 ppm range and, in the casetpthe broad signal
resolve the spectrum & by titration with the shift reagent  of weak intensity (actually two signals, vide infra) at ca. 9
Eu(FOD}) proved unsuccessful, as might be suspected, ppm are attributed to the hydrogens occupying axial positions
information from DQCOSY experiments allowed the iden- of the Re(pzCHR (R = H (5), "Pr (6)] ring that weakly
tification of several key resonances. The lowest-field reso- interact with the bromine. The occurrence of two sets of
nances in each spectrum are signals from a hydrogen of thedoublets for compound is due to the presence of two
central carbon of the chelate ring. As has been observed inisomers in which the axial hydrogen of each is coupled to
tris(pyrazolyl)methanerhenium complexésyvhen the acidic the magnetically inequivalent equatorial hydrogen whose
hydrogen bound to the central methine carbon participatesresonance occurs between 6.3 and 6.2 ppm. Interestingly,
in weak hydrogen-bonding interactions, a significant down- no such high-field resonance exists in the spectrum of
field shift of its resonance occurs compared to that of the compound6, indicating that only one of the two possible
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Figure 4. Proposed exchange process $oand 6. J
50°C
geometrical isomers is present in solution. Because com-
pound6 was isolated in 79% vyield, it would appear that the soc ¥
isomer with the hydrogen of the methine carbon oriented in
the direction of the bromine is preferentially formed in the Joc y
preparative reaction over the isomer with the hydrogen —
oriented toward the axial carbonyl (and propyl group in the X J
direction of the bromine). This rather surprising result can soe
be justified by proposing that a weak &HBr hydrogen- o W l

-

CCLCL

[ -

S

bonding interaction is involved in the transition state during
the formation of6. In the spectra 0% and6, the three high-
field doublet resonanced & 2.5 Hz) that occur betweah
6.8—6.6 ppm arise from the hydrogens in the 4-position of
the pyrazolyl rings. The Hpyrazolyl resonances to which 110
the H;-pz resonances are coupled occur between 8.1 and 8.0
ppm, overlapping the multiple pyrenyl resonances. Finally, 120C  jutwwed Y dowwh =~ ——r’ Ve Vo
the doubletsJ = 9.3 Hz) in the region betweeh 7.9-7.6 90 84 82 78 67 63ppm 90868278 67 &3ppm
ppm are assigned to the hydrogens in the 10-position of theFigure 5. Variable-temperature NMR spectra of compousd#eft) and
pyrenyl rings. Four sets of these doublets are found in the 6 in C2DCla.
spectrum of5, whereas only three sets are detected in the h, g5 the remaining assignable resonances of the bis-
room-temperature spectrum 6f As will be shown, the  [yrenyl-pyrazolyl)jalkane ligands exhibited a downfield
number of resonances in the spectrum of each compound ispitt with an increase in temperature before their respective
attributed to the existence of isomers in solution. The three -y5jescence temperature; the former resonances shifted
possible isomers that retain their-El---Br hydrogen bond- upfield. In the spectra of compour@ibetween 30 and 80
ing are pictured in Figure 4, where two symmetrical isomers °C, the broad single resonance for the methine hydrogen at
have the bulk of the pyrenyl groups directed either up or g 1 pom sharpened along with a second resonance at 8.9
down in relationship to the rheniunbromine bond and the ppm, which was expected for the methine hydrogen of a
remaining unsymmetrical isomer has one pyrene group second isomer (analogous to that for compoBhdut was
directed up and the other directed down. not initially detected at room temperature because of
The temperature dependence of theNMR spectra o6 extensive broadening. Raising the temperature of solutions
and 6 is shown in Figure 5, indicating that the isomers ot 5 and 6 from 30 to 120°C led to coalescence of the
equilibrate at higher temperatures. With the exception of the ogonances for the axial methine, thepyrazolyl, and the
Hio-pyrene resonances for compousanly two of the three H.o-pyrenyl hydrogens of all isomers. Over the same
c_on_formational isomers have either chemigal _shifts that are temperature range, the multiple overlapping pyrenyl agd H
distinct enough at any temperature or, as is likely the case 4701yl resonances coalesced into four overlapping broad
in compounds, concentrations appreciable enough o be gjgnals. The values of the free energy of activation for the
detected. Relative integration of the four resonances Obsewe%xchange processes as measured for each resonance type are
for the Hi-pyrenyl hydrogen atoms in the spectra of \ery similar, and the mean values aA&* = 18.9+ 0.8
compounds over the temperature range-380 °C (where  gnq 19.1+ 0.8 kcal/mol for5 and 6, respectively. These
reliable integrations could be obtained) indicated that the \ 5 es were estimated by using the approximation for a two-
overall percent distribution of isomers Biis 48% (sym- site exchange (unsymmetrical to symmetrice®* = 4.57T-
mgtrical)/45% (ynsymmetrical)/?%' (symmetricaj), although [10.32+ log(v/2Tdm-0v)] whereT, is the temperature (K)
it is unclear which of the symmetrical isomers is predomi- 4t which coalescence occurred between two signals that were
nant. _ _ _ separated by a chemical shift differende (in Hz) in the
In the spectra, it should be reemphasized that, at any givengpsence of exchang&The temperature dependence of each
temperature, the resonances for the (weakly hydrogengpecirum was reproducible only when samples were kept
bonded) axial methine hydrogens are maintainedsfand below 120°C (and the fast exchange limit was not reached)
6 throughout the temperature range, indicating that the boatpacause heating above 120 caused decomposition so that

structure of the chelate ring is preserved. Also, with the e |ow-temperature spectra were not recovered on cooling.
exceptions of the Id-pyrenyl resonance initially at 7.9 ppm

and the equatorial methine hydrogen resonances for com-(18) Kessler, HAngew. Chem., Int. Ed. Eng97Q 9219.

100°C

trro
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0.00 Table 4. Comparison of Radii Calculated from PGSE Measurements
and from X-ray Data
-0.05 -
calculated radii (A)
- -0.10 compound PGSE X-ray
L)
¥ 015 C2HDCl4 207 na
0.20 C,HDCl, 2.0" na
Ga(acaq) 4.84 4.8¢
0.25 - T T T A MexC(pz) 3.20 3.87
Re(CO}Br[(pz).CMe;] 4.60 411
0 1000 200(: 3000 4000 CHEPT)(p2¥ens, 6.23 na
G Re(CO}BI[(pz?¥"e"9,CH("Pr)] 8.29 8.91
x Re(CO),Br{(pzryne),C HPr] 2 Calcul P ) .
o nprCH(pzpene), alculated at infinite dilution. (See Supporting Information.)
" Re(CO);Br((pz),CMe;]
+ Gatacac, absence of gradients.)] versus the square of the gradient
v field h G?, which lated by th i
* ¢, HDCY, ield strength G?), which are related by the expression

In(1/1,) = —y0?G¥A — d/3)D, whered is the length of
gradient pulseA is the midpoint between gradient pulses,

In samples heated above 120, the methine and 4-pyrazolyl ¥ the magnetogyric ratio, arid is the diffusion coefficient.
hydrogen resonances are replaced by new resonances at cdable 4 provides a comparison of experimentally determined
8 12 (CH) and 6.9 (k#+pz) ppm. The chemical shifts of these hydrodynamic radii of some model compounds along with
new resonances are similar to those seen for cationicthe title compounds with the radii calculated from crystal-
tricarbonylrhenium derivatives of tris(pyrazoly)methanes; 0graphic data where it was available. As can be seen, the
therefore, we attribute these new resonances to species sucfdii obtained for the model compounds from diffusion
as [LRe(CO)(solvent)][Br ] similar to that detected in the experiments and the radii calculated from solid-state struc-
mass spectral experiments. tural studies typically deviated by only +20%. Of par-
The possibility that the association/dissociation of inter- ticular interest was that the hydrodynamic radii of compound
molecularlyz-stacked oligomers & and6, such as observed 6 and the pure ligan@® were consistent with monomeric
in the solid-state structure d, was responsible for the SPecies in tetrachloroethane solution.
variable-temperature NMR spectra was excluded by examin-  Electronic Spectroscopy. The absorbance spectra of
ing the results of pulsed-field gradient spiecho NMR ~ compounds5 and 6 show structured pyrenyl-based-z*
(PGSE-NMR) experiments. As has been described in detail2bsorption bands similar to those found in other pyrenyl-
elsewheré? the PGSE-NMR technique provides an indirect containing systenis(Supporting Information). Both the
measure of molecular size by allowing the determination of Pyrenyl-based and pyrazolyl-baseetz* absorptions show
the diffusion coefficients of a given species in solution and hypsochromic shifts when compared to those of the free
applying the StokesEinstein expression to yield the hy- ligands, which would be expected if the extent of conjugation
drodynamic radius. This technique has been used successfullyetween the chromophores is reduced as a result of com-
in a number of applications recently ranging from determin- plexation. No evidence ofrt-s* MLCT bands was found
ing the size of hydrogen-bonded supramoleclesnd  in the spectra of compounds-7.
inorganic macrocycléd to detecting the extent of ag- The emission spectra of compourtsis7 produced when
glomeration of ions in solutio?? In the case of compound €ach compound was irradiated at any of the wavelengths of
6, the expected difference in hydrodynamic radius of a light corresponding to their absorption maxima were es-
monomeric species and that of a dimeriestacked unit sentially identical in that they were either only very weakly
should be appreciable and easily detectable such that thd® and6) or non- (7) luminescent, even in the absence of
simple StejskatTanner pulse sequence can be used reli- OXxygen. Figure 7 provides a comparison between the
ably 23 Figure 6 shows a plot of lifl,) [the logarithm of ~ emission spectra of the pyrenyl-based ligagdgt and the
signal intensity ) with respect to signal intensity in the rhenium complexe5—7 in tetrachloroethane. The complex-
ation of Re(COyBr units by bis[(1- pyrenyl)pyrazolyl]-
(19) (a) Valentini, M.; Pregosin, P. S."Bgger, HOrganometallic200Q alkanes causes quenching of the pyrenyl monomer fluoro-
(20) T et R e e rins, L. 3. Phores. The monomeric nature of compofrid tetrachloro-
Reinhoudt, D. N.; Shinkai, S.; Frish, L.; Cohen, ¥. Chem. Soc., ethane shown by the NMR experiments implicates an

Figure 6. Results from PGSE experiments.

Perkin Trans. 2200Q 2077. i i
(21) Otto, W. H.. Keefe, M. H.. Splan, K. E.: Hupp, J. T.; Larive, C. K. mtramolecu_lar pathway for flgorgscence quenching. Removal
Inorg. Chem2002, 41, 6172 of the bromide by reaction with silver tetrafluoroborate failed
(22) (&) Stahl, N. G.; Zuccaccia, C.; Jensen, T. R.; Marks, T. Am. to restore pyrenyl-based fluorescence, implicating the rhe-
Chem. So0c¢.2003 125 5256. (b) Macchioni, A.; Romani, A . h £l hi
Zuccaccia, C.; Guglielmetti, G.; Querci, Organometallic003 22, nium center as the source of fluorescence quenching.
1526. (c) Martnez-Viviente, E.; Ragger, H.; Pregosin, P. S.; pez-
Serrano, J.Organometallics2002 21, 5841. (d) Valentini, M.; Conclusions
Pregosin, P. S.; Ragger, HJ. Chem. Soc., Dalton Tran800Q 4507. o ) ]
(23) Stejskal, E. O.; Tanner, J. E. Chem. Phys1965 42, 288. We have developed an efficient synthesis of the first (1-

24) Dymock, K.; Palenik, G. JActa Crystallogr. B1974 30, 1364. o h
§253 Cxurchill, M. R.; Churchill, D. G.; Iilluynh,gM. Y. H.; Takeuchi, K. J.; pyrenyl)pyrazole and have converted it into two new bis-

Castellano, R. K.; Jameson, D. L. Chem. Cryst199§ 26, 179. (pyrenyl)pyrazolylalkane ligands. These ligands readily react
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Figure 7. Normalized room-temperature emission spectra of compounds
2—7 in tetrachloroethane. Inset provides magnified view of spectra of
rhenium complexes.

with Re(CO}Br to yield Re(COJBr[(pzP"9,CH,] (5) and
Re(CO)}Br[(pz?"9,CH("Pr)] (6). The solid-state structure
of Re(CO)Br[(pz™re"9,CH("Pr)] is supramolecular, compris-
ing two-dimensional sheets organizedsby . stacking and
edge-to-face CHur stacking interactions. NMR experiments

about the pyrazolytpyrenyl bond. Pulsed-field gradient
spin—echo NMR (PGSE-NMR) experiments show that the
complexes are monomeric in tetrachloroethane. The bis-
[(pyrenyl)pyrazolyllalkanes exhibit monomer-based rather
than excimer-based fluorophore emissions in dilute tetra-
chloroethane solution when irradiated with light at any
wavelength corresponding to their absorption bands. The
metal complexes are essentially nonluminescent; the ligand
fluorescence is quenched by an intramolecular process in
this system rather than the wavelength of emission being
shifted by complexation to rhenium.
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demonstrate that isomers are present in solution that have(CIF) files for 6 and 7. Details and data from the PGSE NMR

the common feature of €H---Br hydrogen-bonding interac-
tions involving the acidic hydrogen on the central bis-
(pyrazolyl)alkane carbon, but that differ by restricted rotation
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