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Substitution and exchange reactions of cis- and trans-L'(H,0)RhH?* (L = 1,4,8,11-tetraazacyclotetradecane =
[14]aneN,) were studied in aqueous solutions by UV-vis and *H NMR spectroscopies. At pH 1 and 25 °C, the
substitution of SCN~ for the coordinated molecule of water is rapid and thermodynamically favorable.
Spectrophotometric determinations yielded the equilibrium constants K = 1.49 x 10® M~! (cis) and 1.44 x 10°
(trans). *H NMR studies in D,O revealed a rapid dynamic process, interpreted as the exchange between coordinated
water and X~ (X = CI, Br, or I). On the other hand, no line broadening was observed for the strongly bound
ligands CN~ and SCN~. The complex trans-LY(D,O)RhH?** undergoes a base-catalyzed H/D exchange of the hydride
in D,O with a rate constant of (1.45 + 0.02) x 10° M~* s~ The exchange in the cis isomer is very slow under
similar conditions. The complex cis-[L'CIRhH](CIO,) crystallizes in the centrosymmetric P1 space group, unit cell
dimensions a = 8.9805(11) A, b = 9.1598(11) A, ¢ = 10.4081(13) A, o = 81.091(2)°, B = 81.978(2)°, y =
88.850(2)°. The rhodium atom resides in a slightly distorted octahedral environment consisting of the four N atoms
of the cyclam, a stereochemically active hydrogen, and a chlorine atom.

Introduction
As the demand for environmentally friendly catalysis

increases, so does the importance of aqueous organometalli

chemistry. The growing list of known water-soluble orga-
nometallic compounds’ includes some reasonably stable
transition metal hydrides such asstGCOH)(CORWH?! and

its derivatives (GH,COH)(CO)R(PMe&)WH and (GHg4-
CO,H)(CO)[P(OMe)]WH. A number of other hydrides are
also knowrf™%® Strictly speaking, most of them are not
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organometallic materials in that they lack a metedrbon
bond, but they exhibit rich chemistry and engage in both
gtoichiometric and catalytic reactions.

It is widely accepted that electronically saturated transition
metal hydrides have a M—H?°~ bond polarity, even when
such complexes undergo facile acid dissociation in w4ter.
The hydridicity increases with the electron-donating power
of other ligands in the complex. Depending on the metal,
ligands, and added reactants, the hydrides will act as
hydrogen atom, hydride, or proton doné#g:2!

Under the right circumstances and in the presence of
isotopically enriched solvent and/or other reagents, such
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H/D Exchange in Rh Hydrides byH NMR

reactions may lead to the H/D exchange at the metal. Forcomplement our previously reported structéie trans-[L -

example, some Ir(lll) hydrides have been repoitem CIRhH]LZnCl,. Although some mononuclear rhodium(lIl)
exchange hydrogen with  solvent, and Irk{n*-SGH,- hydrides have been structurally characteri#ed,® studies
NH)2(PCys), exchanges H with Bg) in CHCl, via an? of macrocyclic rhodium hydrides are still rare.

dihydrogen intermediaté.

Transition metal hydrides undergo facile ligand substitution
at the position(s) trans to the hydride, which is known to  Reagents. Perchlorate salts otis-L!CIRhH" and trans-L1-
exhibit a strong trans effeét?42” Such substitution reactions  CIRhH" were obtained frontis- and trans[L 'CIRhH](ZnCls),
have considerable utility in the synthesis of derivatives. ~ prepared as previously descrit®éd.

In our recent work we have concentrated on a group of CAUTION! Perchlorate salts are potentially explosive and need

rhodium hydrides consisting of tetraamm#ié5 pentaam- to be handled with care. PiperaziNegN'-bis(4-butanesulfonic acid,
mine1325and macrocyclié compounds These’materials are abbreviated as PIPBS (GFS Chemicals), was used to buffer solutions

. - . - in H/D exchange experiments and in equilibrium measurements at
quite stable in solid state and aqueous solution and have beenH 7.6. Dimethylés sulfoxide (99.9% D) and acetonitrité;(99.8%

characterized spectroscopically and chemically, and some o D) (both Cambridge Isotope Laboratories, Inc.) and deuterium oxide

Experimental Section

19,28 ;

them by X-ray crystal structure analys$fs>?® _ (99.9% D, Aldrich) were used as solventslii NMR measure-
The present paper deals with the substitution chemistry ments. All other chemicals were analytical grade or better and were

of two macrocyclic complexe¥: used as received. Deionized water was further purified by passage

through a Millipore Milli-Q water purification system. Stock
solutions of LISCN were standardized by titration against silver
nitrate using Fe(lll) nitrate as indicat#tlonic strength was adjusted

N

N\ T/N with sodium perchlorate.
Rh The pD of ByO solutions was obtained by adding 0.4 to the value
[ / | AN j measured with a pH electrode. These pD valuesap®,0) =
\cN HOH | “, 1.54 x 10 > were then used to calculate the concentration of OD
N k) "//H in Figure 3.
H Instrumentation. A Shimadzu 3101 PC spectrophotometer was
! ot o ot used for spectral and equilibrium measurements. Proton NMR
trans-L' (H,O)RhH cis-L'(H,O)RhH

spectra were obtained by use of a Bruker DRX-400 MHz and a

They aretransRR,SS([14]aneN)(H.0)RhH* and cis- Varian VXR-400 MHz spectrometer. Room temperature chemical
RRRR-([14]aneN)(H;0)RhH" (hereaftertrans and cis- shift measurements were made relative to resiédalesonances
L3(H,O)RhH). As described below, both undergo H/D o_f the deuterated s_olvents used. The weak, but cle_arly observable
exchange of the rhodium-bound hydrogen. Also, the substi- signal of the sparingly water-soluble tetramethylsilane, and the

. f . ith . intramolecular methylene hydrogens%.58) of the cyclam ligand
tution of coordinated water with Lewis bases was observed. ..o sed as markers for low-temperature spectra 40. DA

In view of the lability of the coordinated water molecules, coming ATC pH meter calibrated with pH 7.0 and 10.0 standard
the species in BD are believed to have the formul(D-0)- buffers (Fisher) was used for pH measurements. Linear and
RhH*. Some of the equilibrium determinations utilized nonlinear least-squares data analysis utilized KaleidaGraph 3.09
UV —visible spectroscopy, but most of the work relied on PC software.

IH NMR, for which metal hydrides are particularly well Equilibrium Measurements. The reactions otis- andtrans
suited®3°owing to their high-field resonances, well removed L'(Hz0)RhH* with SCN- (eq 1) were studied spectrophotometri-

from the resonances of most other types of hydrogen atomscally at 25.0 £0.1) °C and pH 1 (both complexes) and pH 7.6
present in a typical compleé®t. The hydrogen in rhodium (transL}(H,O)RhH") in solutions degassed with argon for at least

: : e 30 min. Absorbance changes were recorded at the absorption
hrgsrgjrisisq%%%;sssuiggﬁglet owing 1o the splitting'3h maxima ofcis-LY(H20)RhH* andtrans-LY(H,O)RhH*, 284 and
P 0 €. . 287 nm, respectively. Both complexes reacted rapidly with SCN
We also re_po_rt the_ re§ults O_f a single-crystal X-ray and equilibrium was attained in mixing time. Solutionsogs-L -
crystallographic investigation o€is-[L'CIRhH](CIO,) to

cisitrans L {(H,0)RhH" + SCN ==
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complex. The precise concentration of each reaction solution wasTable 1. Crystallographic Data focis-[L1Cl RhH](CIOy)?
thus determined from the absorbance at 284 an+ (500 M1

- . L . empirical formula GoH25CIoN404RN
cm~1) immediately before the injection of thiocyanate. fw 439.15
Kinetics. H/D exchange irtransLY(D,O)RhH* (eq 2) in D,O temp 298(2) K
was studied in the pD range 7:99.12 at 25°C. Weighed samples ~ Wavelength 0.71073 A
cryst syst triclinic
L . D,0,0D- L . space group P1 A
transL'(D,0)RhH’ transL'(D,0)RhD*"  (2) a 8.9805(11)
b 9.1598(11) A
) c 10.4081(13) A
of trans[LY(H,O)RhH](CIOy), were placed into a 5-mm NMR tube 4 81.091(2)
and gently flushed with argon for 5 min. The buffer solution B 81.978(2)
(50 mM,u = 0.1 M) was prepared by dissolving PIPBS in air-free ¥ 88.850(2) R
D,O containing the appropriate amount of NaOD. One milliliter \Z/ 337'56(18)
of this _solution was injected into the uppe_r_part of the NMR tube. gcac) 1.741 Mg/rd
Immediately before the start of data acquisition, the tube was shakenabs coeff 1.358 mmt
to dissolve the solid. The disappearance of the hydride péak ( ¢ range 2.06:28.27
—23.5 ppm) with time was monitored by use of the Bruker [ndexranges “l1=h=11-11sk=11-13=1=13
trometer. Data analysis used XWIN Bruker and KaleidaGraph "o of reflns collcd 470
spec : Yy PN 1o of indep reflns 374K = 0.0175)
PC software. completeness t8 = 28.27 90.6%

Reactions with Lewis BasesThe interactions betweasis- and abs correction empirical
transLY(H,O)RhH* and I, Br-, CI-, CN~, SCN-, and acetonitrile :22); :n’l‘é rrlft":]gtér‘lnsm f?nrii?ﬁx?éiit squaresh
were |nv§stlgated e_lt pH 1 _and variable temperature by mor_utorlng datafrestraints/params 3749/0/290
the hydride chemical shifts. Proton NMR spectra of air-free gof onr2 1.050
solutions of the hydrides (320 mM) in DO (pD 1) in the final Rindices | = 20(1)] R1°=0.0284, wR2= 0.0734
presence of added anions 2000 mM) and/or 10% acetonitrile-  Rindices (all data) R1=0.0310, wR2= 0.0754

ds were recorded with use of the Bruker NMR spectrometer. The largest diff peak and hole  0.899 and.930 e A3
chemical shifts were measured when constant probe temperature 2! = [14]aneN. *R1 = 3||Fo| — |Fel|/3|Fol. CWR2 = { J[W(Fo2 —
was reached. F)2 3 IW(F?)} 2.

Crystallography. Yellow crystals ofcis-[L 1CIRhH](CIO,) were
obtained by dissolving 50 mg of the complex in air-free water and
acidifying the solution to pH 1 with perchloric acid. The solution
was concentrated by passing argon over the surface until the crystals
began to form. At this point, the stream of argon was discontinued
and the solution was kept in the dark for 3 days, during which
time the crystals grew to a size convenient for X-ray work. The
crystals were isolated and dried in a vacuum desiccator.

A yellow prism with approximate dimensions 0.28 0.28 x
0.14 mn? was selected under ambient conditions. The crystal was
mounted and centered in the X-ray beam with the aid of a video
camera. The crystal evaluation and data collection were performed
at 298 K with the use of a Bruker CCD-1000 diffractometer (Mo
Ka radiation,A = 0.71073 A) and a detector to crystal distance of
5.03 cm.

The initial cell constants were obtained from three series of
scans at different starting angles. Each series consisted of 30 frames ) "

. e . Figure 1. ORTEP drawing of the molecular structure of the catiis
collected a.t intervals of 03in a 10° range aboutw W'th an ([L4]aneNy)CIRhH'. Thermal ellipsoids are drawn at the 50% probability
exposure time ©5 s per frame. A total of 189 reflections were |evel.
obtained. The reflections were successfully indexed by an automated
indexing routine built in the SMART program. The final cell space grougPl and yielded chemically reasonable and computa-
constants were calculated from a set of 2526 strong reflections fromtjonally stable results of refinement. The position of heavy atom
the actual data collection. was found by the Patterson method. The remaining atoms were

The data were collected using the full-sphere routine. A total of |ocated in an alternating series of least-squares cycles and difference
7470 data were harvested by collecting four sets of frames with Fourier maps. All non-hydrogen atoms were refined in full-matrix
0.3 scans inw with an exposure timef® s per frame. This dataset  anisotropic approximation. All hydrogen atoms were found objec-
was corrected for Lorentz and polarization effects. The absorption tively on a difference Fourier map and were refined with isotropic
correction was based on fitting a function to the empirical displacement coefficients. Final least-squares refinement of 290
transmission surface as sampled by multiple equivalent measure-parameters against 3749 independent reflections convergd to
ment§’ using SADABS software. Crystallographic data are reported (based or2 for | = 20) andR, (based orF2 for | = 20) of 0.028
in Table 1. and 0.073, respectively.

Structure Solution and Refinement.The systematic absences
in the diffraction data were consistent with the space grdeps Results and Discussion
and P1. The E-statistics strongly suggested the centrosymmetric

Structure of cis-[L *CIRhH](CIO 4). Figure 1 depicts the
(37) Blessing, R. HActa Crystallogr.1995 A51, 33—38. ORTEP diagram of the catiomis-L'CIRhH". Two mol-
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H/D Exchange in Rh Hydrides byH NMR

Table 2. Selected Bond Distances (A) and Bond Angles (deg) for
Cis-[L*CIRhH](CIO4)? MWMWWU“ L PPN
Rh(1)-N(3) 2.054(2) N(3)-Rh(1)}-N(2) 92.56(10) ,,,.\,,,.J Y H
Rh(1)-N(2) 2.069(2) N(3)>Rh(1)-N(4) 84.42(9)
Rh(1)-N(4) 2.076(2) N(2)-Rh(1)-N(4) 173.51(9) Yo {“\
Rh(1)-N(1) 2.197(2) N(3)»-Rh(1)-N(1) 97.22(9)
Rh(1)-CI(1) 2.3784(7) N(2yRh(1)-N(1) 82.89(9) JUL
CI(2)—0(4) 1.368(4) N(4>Rh(1)-N(1) 91.77(9)
Cl(2)-0(1) 1.374(3) N(3)Rh(1)-CI(1) 172.75(7)
Cl(2)-0(2) 1.417(4) N(2yRh(1)-CI(1) 88.98(7)

CI(2)-0(3) 1.419(4) N(4¥-Rh(1)-CI(1) 94.73(6)

N(1)—Rh(1)-CI(1) 90.00(6) MMWW“’J\"WONM
aLl = 14-aneN. M

ecules, related through the inversion center, are present in
triclinic cell. The slightly distorted octahedral geometry
confirms that the hydride ligand is stereochemically active
and occupies a regular coordination site. The hydrogen atom
is positioned cis to a chlorine atom. The rhodium is displaced
slightly (0.0183 A) toward the nitrogen atom located trans
to the hydride. The _estlmate(_:l RH distance is 1f52(4) A. Figure 2. Disappearance of the hydride peaktiansL1(D.O)RhH" as
Of course, as a reviewer pointed out, the-Rhdistances a result of H/D exchange in 4D at pD 8.96 and 25C. Spectra collected
determined by X-ray diffraction are inherently less precise over the first 10 min of reaction are displayed.

than those obtained by neutron diffraction and the true Rh

10 min

T T T T 1
—21 —22 —23 —24 Prerm

bond could be up to 0-10.2 A longer than the value given 30 |
above. On the basis of the statistics, however, the reported
standard deviation of 0.04 A is correct. 25

The Rh-N(1) bond distance (2.197(2) A, Table 2) is s 20 i
considerably longer than the remaining-R\ bonds (aver- \é /
age 2.066 A), in keeping with the strong trans influence of %‘ L5 ]
the hydride ligand. Similarly, the RN bonds trans to the T 1o} -
hydride in the closely related (Nj$RhH?* (2.244 A4 and
in anti-LoRhp(H)2(u-H2)](PRe)2 (2.276 A, L = 1,4,7-tri- 05 - 7]
methyl-1,4,7-triazacyclononari@are also much longer than 0 L L L L
the cis RR-N bonds (2.071 and 2.082 A, respectively). The 0 05 10 15 20
Cl—0 bond lengths in the counteranion GiCare not equal, 10° [OD /M

suggesting that two of the oxygen atoms participate in Figure 3. Plot ofkebssversus [OD] for H/D exchange irtransLX(D0)-
hydrogen bonding with the NH protons of the cyclam. The RhH** at 25°C and 0.1 M ionic strength.

tendency of rhodium cyclam complexes to get involved in » N )

this type of hydrogen bonding has been discussed e#ftlier. Sensitive under the conditions of these experiments. If the
H/D Exchange intrans-L {(D,O)RhHZ2*. At pH above 7 slow diffusion of Q into the NMR tube is a problem, then

the hydride signal irransL¥D,0)RhH* (6 —23.5 ppm)7 this would show up at lower pH, where the reaction is slow,

disappears in a pH dependent process, as illustrated in FiguréS observed. _ _
2. On the same time scale, the shape and intensity of the The plot of the pseudo-first-order rate constants against

characteristic Rthydride peak in the UV spectrum at 287 [OD"1, Figure 3, is linear with a zero intercept, establishing
nm remain unchanged. Clearly, the metal hydride is not gml.xed secqnd—order rate law of eq 3. The slope of the line
decomposing but rather engages in a H/D exchange procesd! Figure 3 yieldskex = (1.45+ 0.02) x 10° M~ s™%.

The kinetics were determined in the pD range #93.2. 1 N

Outside this range the kinetics were either too slow to —dlfransL (D,0)RhH J/dt =

monitor (pD < 7.95) or too fast for our mixing technique k. [transL'(D,O)RhH][OD ] (3)

(pD > 9.12).

The plots of the NMR signal intensity against time were  On the basis of the rate law, we propose a nucleophilic
exponential for most of the conditions and were treated by attack by OD at the hydride to form a transient Rh(l)
use of the first-order rate expression. Only at p3.4, the species, KD,0O)RN", as a key step in the mechanism for
traces exhibited a minor initial phase that was faster than H/D exchange, Scheme 1. In a rapid subsequent step, L
the rest of the reaction. Data from those experiments were (D,O)Rh" takes up a deuteron from the solvent and generates
fitted to an expression for biexponential kinetics, and the transL(D,O)RhD?". The reverse of the first step is negli-
rate constant for the dominant, slower stage was used ingible under our conditions >99% D), such that the
further treatment. We were unable to trace the origin of the intermediate Rh(l) engages in the productive exchange step
faster reaction, but note that the solutions are extremely air- >99% of the time.
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Scheme 1
transLY(D,0)RhH" + OD™ = transL'(D,0O)Rh" + HOD

transLY(D,0)Rh" + D,0 = transL(D,0)RhD*" + OD~

Other mechanisms encountered in the literature on hydride
exchange, such as protonation to yielgleH, complex383°
or a reaction with the solvent to generate an anion-stabilized
dihydride’ are ruled out by the stability dfans-LY(D.0)-
RhH?* in acidic solutions and by the kinetic dependence of
the exchange reaction on [OD

To the best of our knowledge, this is the first reported
example of a base-catalyzed H/D exchange involving a
transition metal hydrogen bond, although a similar mecha-
nism has been proposed for H/D exchangeisCo(en)X ™"
(X~ = CN~, NO,7, etc.}! and some other complexés*
involving protons on the coordinated ligands.

The substitution of BO in LYD,O)RhH" with ligands
such as SCN, CN-, and acetonitrile caused the rates of H/D

exchange to decrease, but the precise kinetics were not

determined. In an earlier study of hydrogen exchange at
Ir(1ll), the more shielded hydride also exchanged more
rapidly 22

SCN~ Substitution into cis- and trans-L{(H,O)RhH?*
by Spectrophotometry.The absorbance/concentration data
for reaction 1 were fitted to eq 4, where: represents the
molar absorptivity difference between the equilibrated solu-
tions and purecis/trans-LY(H,O)RhH", A¢q is the molar
absorptivity difference betweasistransL{(SCN)RhH" and
cigtransL}(H,O)RhH", and [SCN]¢qis the concentration
of SCN™ in the equilibrated solutions.

_ AeK[SCN ],

€= - 4)
1+ K[SCN ],

The plot of Ae vs [SCN]eq for transL(H,O)RhH* at
pH 1 is shown in Figure 4. Similar plots at pH 1 fois-L*-
(H2O)RhH* and 7.6 fortrans-LY(H,O)RhH* are presented
in the Supporting Information, Figures S1 and S2. The
equilibrium constants were first estimated by using the initial
concentrations of SCNin eq 4. These estimates were then
used to correct the values of [SCN,, and the process was
repeated until consistent valuestgf[SCN™]¢q, andAe, were
obtained. All the data are summarized in Table 3. The values
of Aep and known molar absorptivities of the rhodium
hydrides at their absorption maxima were used to calculate

(38) Abdur-Rashid, K.; Gusev, D. G.; Lough, A. J.; Morris, R. H.
Organometallic200Q 19, 834-843.

(39) Papish, E. T.; Rix, F. C.; Spetseris, N.; Norton, J. R.; Williams, R. D.
J. Am. Chem. So@00Q 122, 12235-12242.

(40) Gaus, P. L.; Kao, S. C.; Darensbourg, M. Y.; Arndt, L. 3W.Am.
Chem. Soc1984 106, 4752-4755.

(41) Nakazawa, H.; Sakaguchi, U.; Yoneda, H.; Morimotolriorg. Chem.
1981, 20, 973-979.

(42) Anderson, G. K.; Saum, S. E.; Cross, R. J.; Morris, SOfgano-
metallics1983 2, 780-782.

(43) Bruce, M.; Swincer, A. G.; Thomson, B. J.; Wallis, R. Bust. J.
Chem.198Q 33, 2605-2613.

(44) Kimura, M.; Morita, M.; Mitani, H.; Okamoto, H.; Satake, K.;
Morosawa, SBull. Chem. Soc. JprL992 65, 2557-2559.

3666 Inorganic Chemistry, Vol. 42, No. 11, 2003

Lemma et al.

140
120
100
80
60

Ae/M ™ em™

40
20

10° [SCNT,_

Figure 4. Plot of Ae vs [SCN]efM for the reaction oftrans-L1(H,0)-
RhH? (0.5—1.0 mM) with SCN- at pH 1 and 0.2 M ionic strength (HCIO
+ NaClQy). The solid line is the fit of experimental data to eq 4.

Table 3. Equilibrium and Absorptivity Data for the Reactions todns-
and cis-LY(H,0)RhH* with SCN- ab

complex 103Kk/M L Alnm /M~ cm1)e
transLY(H,O)RhH+ 1.44 287 (647)
1.86! 287 (652)
Cis-LY(H20)RhH* 1.49 284 (673)
all = 14-aneN. P Conditions: 25°C, pH 1, = 0.2 M.°Molar
absorptivity of the product, YSCN)RhH". 9pH 7.6,u = 0.1 M.

absolute molar absorptivities thnsLY{(SCN)RhH", g7 =

647 M1 cm1, andcis-LY(SCN)RhH", exg4= 673 Mt cm™,

We assume, but have no experimental proof, that the
thiocyanate binds to the rhodium through the “hard”, nitrogen
end. The U\+vis spectrum alone, in the absence of data
for similar complexes, cannot identify one or the other

linkage isomer reliably.

As one might have predicted, the equilibrium constants
for the formation otis- andtransL}(SCN)RhH" are similar.
The observed rapid substitution of SCfor H,O in the trans
complex was also expected in view of the known kinetic
trans effect of the hydride. Somewhat more surprising was
the observation that the cis complex, having the water
coordinated trans to a nitrogen, also reacted with SGN
mixing time (seconds). The NMR spectra of both cis and
trans hydrides remain unchanged for prolonged periods of
time under the conditions used in the equilibrium constant
determination. This rules out the possibility that the cis
complex had undergone isomerization to the trans form prior
to the reaction with thiocyanate.

To rule out any possibility of fast thiocyanate-induced
isomerization (which would be a remarkable reaction in
itself), we have recorded a spectrum of an equimolar (10
mM) mixture of cis- and transL*(H,O)RhH" before and
after the addition of 15 mM SCN Figure 5. The product
mixture exhibits two hydride signals in a 1:1 integrated ratio,
as expected. Another experiment used only the cis hydride.
Now the product exhibited a single NMR signal (doublet)
at o —19.84, clearly showing that nwansL}(SCN)RhH"
was produced.

Crystal structures dfis- andtransL*(H,O)RhH" are not
available, but the chloro derivatives exhibjiredictably—
very different RR-CI bond lengths, 2.549 AtansL?-
CIRhH")28 and 2.378 A ¢is-LCIRhH", see Table 2). If the



H/D Exchange in Rh Hydrides byH NMR

Mlﬂ J
n, M_
@ Il
0.1 M C1™
T T T T T T 1
-19 —20 —-21 —22 —23 pPpm
Figure 5. 'H NMR spectra recorded (a) before and (b) after the addition
of 15 mM SCN- to a mixture ofcis-L{(D,O)RhH* (10 mM) andtrans '
LY(D;0)RhH* (10 mM) in D,0 at pD 1 and 25C. ; : : , ; : : :
—20 —22 Prrm —20 —22 prm
Rh—H,0 bond lengths iis- andtransL(H,O)RhH" also @ 25 °C ™) 2°C

differ significantly, as one would expect, then clearly the Figure 6. H NMR spectra of the products of the reactiontrinsL2-
shorte R0 bond i the cis hycide does not tansiate. (SR, (G2 20 mi) wih 61X (¢ 2l o o e
into slow kinetics. It would appear that the cis configuration p,0)rhH+ in the bottom spectra contained small amountsrafisL -
imposes greater strain and increased crowding at theCIRhH", which appears at-21.1 ppm.

substitution site, thus reducing the advantage of the trans

influence in the other isomer. The rate constants for SCN

substitution have not been determined, and the trans complex

may well be more reactive. At this stage, our only argument

is that rapid ligand substitution, as observeddistL(H,O)-

RhH*, is highly unusual for an unactivated Rh(lll) complex.
In the next section we present data suggesting that some cis -13 ppm -12 ppm

complexes may undergo substitution even faster than their

trans counterparts. B
Ligand Substitution in cis- and trans-L(D,O)RhH?* SCN

by 'H NMR. The hydride region of théH NMR spectra of

equilibrium product mixtures for the reactions betwé&ans
LYD,O)RhH" and the halides C| Br—, and I and for the
reactions otis- andtrans-L(D,O)RhH" with SCN~, CN™

and CXCN are depicted in Figures 6 and 7, respectively.
These and subsequent experiments used much higher con-

centrations of rhodium hydrides (3@0 mM) than experi- —19 ppm 19 -20 ppm
ments utilizing spectrophotometry (submillimolar levels). The
speciation under such different concentration conditions may  (a) cis-L'(H,0)RhH** (b) trans-L'(H,0)RhH>

not be the same. The more concentrated NMR solutions may,Figure 7. H NMR spectra of the products of the reactions of¢@)L1-
and probably do (see later), contain some dimeric forms. (D20)RhH" and (b)transL}(D,0)RhH* with CN~, SCN-, and CRCN
Also, the proportion of anion-ligated forms is much greater 2 00T lemperature in air-free;0, pD 1. The two bottom spectra use the
even when only stoichiometric amounts of anions are present. '

As showq in Figure 6b, sharp signals are qbtained at 2 low-intensity,
°C. The major doubletd —23.3) in the bottom right panel
is assigned totransL(D,O)RhH"*, but the two minor
doublets were not identified. The different chemical environ- _ _ _ _
ment for the hydride in the three species is probably created ~1he broadening of the hydride peaks at*Zsis believed
by various degrees of hydrogen bonding, ion pairing, and/ t0 be caused by the exchange of aqua and halide ligands.
or monomer/dimer equilibria. The low-intensity peaksat ~ The exchange may involve free anions in solution in a
—21.1 is assigned ttrans-LCIRhH". Apparently, not all process that is at least in part dissociative in character, eq 5,
the chloride was removed by recrystallization of the crude or it can take place via a ligand-bridged transition state or
chloro hydride from water, see Experimental Section. The intermediate, eqs 6 and 7. Both mechanisms are feasible
sharp, intense doublets in solutions containing 0.1 M halide because of the lability of the trans position. Five-coordinate
ions are assigned d@sansL'XRhH' (X = ClI, Br, I). The d® species such as Ir(5{(X)P, (X = halide or pseudohalide,

broad signals on the lower-field sides could
not be identified. Possibly, they correspond to small amounts
of halide- or hydride-bridged dimeric species.
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Figure 8. The hydride regiodH NMR spectra for a mixture ofis-L%(D,0)RhH* (20 mM) and Ct (0.02 and 0.1 M) in RO at (a) 25°C and (b) 2°C.

P = bulky phosphine) have been reported to undergo rapid
ligand redistribution via transient halide-bridged dim®rs.

LYD,0)RhH" + X~ = L'XRhH" + D,O (5)

LY(D,O)RhH" + L'X*RhH* =
L'HRh—X—*RhL'H*" 4+ D,O (6)
LIHRh—X —*Rh—L 1H3 =
-D,0

L'XRhH* + LY(D,0)*RhH** (7)

To find out whether trace amounts of Rh(Il), possibly
present in these solutions or generated photochemically upo
exposure to room light, are catalyzing ligand exchange
processes, the spectragié- andtransL1(D,O)RhH+ were

recorded in the presence of more than a 2-fold excess of

hydrogen peroxide, which is known to oxidize macrocyclic

rhodium(ll) complexes rapidl§® The spectra remained

unaffected, which rules out {D,O)RI¥" or any other

reducing impurity as a major factor in line broadening.
The ligands CN, SCN-, and CQXCN are strongly bound

to Rh(lll). The hydride peaks at room temperature are sharp,

Figure 7, and ligand exchange is not apparent. In fact, the

addition of SCN to a mixture oftransL(D,O)RhH* and

CI~ at room temperature produced the same spectrum as th

reaction betweertransL(D,O)RhH" and SCN in the

absence of added chloride, demonstrating the much greate

affinity of rhodium hydride for SCN.

In both types of experiments, multiple species were
observed. The same is true for solutiongrains-L(D,0)-
RhH* containing CN or acetonitrileels. For example, the
spectrum shown at the bottom right in Figure 7b (C)
was resolved into three sharp doublets upon cooling of the
solution to 2°C (Supporting Information, Figure S3). All

the spectra were fully reproducible and remained unchanged

even after repeated recrystallizationgrahs[L Y(H,O)RhH]-
(ClOy),, clearly showing that impurities were not the
problem. Moreover, the starting materimhns-[L 'CIRhH]-
Cl, exhibits only one doublet in DMS@s at —20.34 ppm,
as expected for a single geometrical isor#feks mentioned
earlier, the complex spectra of the trans complexes,@ D
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solutions in Figures 6 and 7 must reflect the presence of
several species in solution equilibria involving ligand
exchange, hydrogen bonding, and ion pairing. Such processes
have a major effect on NMR spectra in nonaqueous
solutions?’ %0 put there are no comparable data in water that
would allow us to draw parallels with our work. Surprisingly,
the NMR spectra of the cis complexes are much simpler, as
shown in the left-hand panel of Figure 7, although the cis
complexes are expected to be involved in similar types of
solution equilibria.

The hydride resonances kis- and transLY(CN)RhH"
(Figure 7, top spectra) show a dramatic downfield shift, in
agreement with literature precedefitsCoordination of
m-acceptor ligands CO, PMeand ethylene trans to a hydride
in iridium(l1l) complexes also causes a pronounced downfield
shift of the hydride resonancés.

A comparison of the NMR spectra in Figures 6 and 8
suggests that the watechloride exchange igis-L}(D,0)-
RhH?" (Figure 8) may be even faster than for the trans
isomer. As can be seen in Figure 8b (top spectrum), cooling
of the solution to 2°C did not stop the exchange at either
chloride concentration. The signal@t-21.4 ppm is broad
as opposed to the sharp doublet-&1.1 ppm (Figure 6b,
second spectrum from bottom) obtained fiensL*(D,0)-

hH* in the presence of 0.1 M Cl Possibly, the chloride-

ridged dimeric species of the cis complex are more labile
pecause of the nonbonding interactions which cause a rapid
decay to the monomeric forms and thus accelerate the
exchange. The broad doubletiat-23.5 in Figure 8b (bottom
spectrum) is assigned tis-L1(D,O)RhH". As can be seen,
the exchange process is observed even at low concentrations
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