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Abstract: The combination of parahydrogen induced polarization (PHIP), kinetics and NMR spectroscopy
yields a powerful analytical tool:quantitative in situ NMR spectroscopy. Two versions of PHIP NMR
experiments are presented to investigate the kinetics of homogeneously catalyzed hydrogenations. The first
method, an experimental variation of the ROCHESTER experiment (ROCHESFERtes of catalytic
hydrogenation estimated spectroscopically through enhanced resonances), allows one to determine the
hydrogenation rate independently of relaxation and other sources of decay, e.g., subsequent chemical reaction
steps. The second method named DYPAS (dynamic PASADENA spectroscopy) uses a variable delay between
the end of the hydrogen-addition period and the detection pulse. In principle, all processes during this delay
can be described by a set of coupled differential equations. Their solutions can be fitted to the experimental
data by a least-squares optimization of the involved kinetic parameters. The DYPAS method can be used to
determine the rates of formation as well as the rates of decomposition of stable intermediates and has been
applied to the case of freshly hydrogenated and still catalyst-attached product molecules. We provide kinetic
data for the formation and decomposition of these unusual predatalyst complexes during the hydrogenation

of different styrene derivatives with a cationic 'Rfatalyst containing a chelating diphosphine ligand. The
kinetic measurements indicate that the rate of formation of the catalyst-attached product increases whereas the
rate constant of its decomposition diminishes if the para position of the arene ring of styrene carries an electron-
donating substituent. In the casem&minostyrene as the substrate, the detachment step turned out to be rate
limiting for the catalytic cycle. With certain substituted styrenes and cationic&hplexes containinghiral

chelating diphosphine ligands, two geometrically different (diastereomeric) prodatztlyst adducts can be
discriminated via PHIP NMR spectroscopy. The associated alternative reaction pathways have been analyzed
by applying the DYPAS method, which can also be used to investigate the mechanism of an asymmetric
hydrogenation.

Introduction The main advantage of the method is the associated strong signal
f enhancement (in the order of3@hat qualifies it as a powerful

In consequence of the importance for the synthesis o A .
pharmacologically relevant substances, catalytic homogeneousand versatile in situ method. As a prerequisite for the PHIP

hydrogenations using transition metal complexes are still a field effect to oceur, bOth. former parahydrogen nuclei must be
of considerable intere€ For example, cationic Ricomplexes J-coupled in the re;ultlng molecule of interest. The PHIP effect
containing bidentate phosphine ligands have developed into anallow_s one to monitor t_he fqte of_the two fom;er parahyd_rogen
important class of catalysts that enable regio- as well as nuclei during the reaction via spin dynamicszUsing this in

stereoselective hydrogenatiohi$. Looking at the methodical situ method, the hydrogenation of styrene derivatives with
progress achieved during the past decade, PHIP NMR Sloec_cationic RH catalysts has been shown to be partially reverdle.

troscopy (PHIP= parahydrogen induced polarization) has in $t24er r?c??es, trﬁdr?ggn-iontflnlrgh lr(;trermidla;]tgs rwerr1e n?e_—
developed into a powerful tool to investigate these reactiots. ectea” and reaction products ot pa a6y 0gen and organome
tallic compounds were characteriztd!
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neously catalyzed hydrogenation reactions. For a more detailedand solvents were used as obtained from Aldrich. The hydrogenation
understanding of catalytic cycles, however, it is important to react!ons conducteq inside of th_e NMR magnet were performed at 298
know not only the structure of possible intermediates but also K using a conventionatH-multinuclear probehead. The hydrogen
the rates of their formation and decomposition. Kinetic methods @ddition took place during a time intervaf 8 s controlled by the
may suggest indirectly the occurrence of certain reaction Steps,spectromete_r console via pulse programming. During this time |nte_rval,
whereas the short lifetime of many intermediates frequently a glass capillary was lowered into the probehead and para-enriched

LT . S hydrogen gas was bubbled through the reactive solution. The spectra
prevents their direct detectidABecause kinetic methods have \ore recorded in a nonspinning mode after a delay of at least 1 s

already proved to be essential for the understanding of homo-petween the end of the hydrogen addition and thiedtection pulse
geneous catalysis, it is highly attractive to combine them with (to avoid any inhomogeneity of the solution due to bubbles). All spectra
the PHIP effect forquantitative in situ investigations. So far,  were recorded after any polarization stemming from the previous scan
only two experiments have been proposed to determine kinetichad ceased. The enrichment of parahydrogen is achieved via passing
parameters via PHIP NMR spectroscopy: One approach Hz through activated charcoal at 77 K and has been described
combines a continuous-flow NMR technique and the PHIP effect elsewheré®24By this means, a steady stream of a nearly 50:50 mixture
to measure the intensity of polarization under steady-state °f ©rtho- and parahydrogen is obtained. Under these conditions, one-
conditionst®19 Accordingly, during the hydrogenation of 1,4- third of the parahydrogen does not contribute to the PHIP intensity as

. . ’ this fraction is compensated by the residual orthohydrogen. This
-1.3- 20 -
diphenylbuta-1,3-diyne with [Rh(PBla(nbd)]PR™ as the cata corresponds to a net surplus of 33% parahydrogen.

Iyst precursor, th‘? rates Of several_reac_tlon' sFeps were deter- To determine the intensities of the PHIP signals, the NMR software
.m'nEd',Th'S technlque proyldes detailed kinetic information, but Nuts was used. The antiphase signals were transformed into inphase
it requires a special continuous-flow probehead and the pos-signals using the magnitude calculation mode. By this means, the
sibility of varying the pressure of Hover a wide range. integrals of the transformed signals represent the intensities of the PHIP
According to the second approach, the rate of product formation patterns. To determine values (and their accuracy) for the kinetic
can be measured via monitoring the decay of the PHIP intensity parameters involved in the different reaction pathways, the latter were
that frequently follows first-order kinetics if certain mechanistic transformed into systems of coupled differential equations that were
and experimental conditions are met. As an example, the solvec_] analytically using the software pack_age Mat_hematica. The
hydrogenation of ethylZ)-a-acetamidocinnamate with [Rh- experlmenta}l Qatg were fltted' to these analytical solutions by a least-
(chiraphos)(nbd)]BFin CDsOD has been investigated in this ~SdY2res optimization performing the Marquartievenberg algorithm
fashion2l implemented in Sigmaplot. The errors represent the asymptotic standard
We propose an analogous experiment that is also based upor? frors.
satisfying pseudo-first-order conditions during hydrogenation Results and Discussion
reactions. However, our experimental setup uses a spectrometer-
controlled hydrogen addition to the reactive solution, thereby = Hydrogenation Rates Determined by the ROCHESTER
bypassing the problem of a relayed phase transfer of hydrogenExperiment. PHIP NMR spectroscopy detects polarized product
from the gas phase into the solution which otherwise prevents molecules (or intermediates) during homogeneously catalyzed
the determination of an accurate hydrogenation rate. In addition, hydrogenations. The PHIP effect produces strongly enhanced
the use of conventional NMR equipment provides the possibility antiphase signal patterns in the NMR spectrum. The polarized
of controlling the temperature. Furthermore, the theoretical hydrogenation product is represented by the density operator
framework of this experiment provided by R. Eisenberg étal. oppip = lz1lz2 (in the case of weak coupliA®), whereby the
has been generalized. numbers indicate the positions of the two former parahydrogen
Recently, we described the observation of still catalyst- nucleil® The density operatooprp can be transformed into
attached product molecules during the hydrogenation of styreneobservable magnetization by a°48etection pulse. The polar-
derivatives with cationic Rhcatalysts containing chelating ization, represented bypup = lzilz, is the subject of
diphosphine ligand%> The detection of this special type of longitudinal relaxation. The PHIP intensity is determined both
intermediate with the help of in situ PHIP NMR spectroscopy by the chemical formation (according to the rd¢gp) and
revealed that the rate of detachment is surprisingly low. relaxation. A detailed description of the various relaxation
Therefore, a kinetic method is attractive to draw further processes is currently in preparation but not the subject of this
conclusions. We show that, in certain cases, the detachment stegtudy. To determinéyyp, it turned out to be sufficient to use
is rate limiting for the catalytic cycle. We also present a suitable a simplified description using only one resulting rate of
reaction scheme to describe this effect, which is “translated” longitudinal autorelaxationR¢%).
into a set of coupled differential equations and validated |t is possible to determine the rate of hydrogenatiamp,
experimentally. In the analogous case of iridium complexes, independently of the relaxation rate and other subsequent
the corresponding product-catalyst adducts are known to bereaction steps. The experiment suited to reach this goal is based
stable such that they can even be isol&fed. upon the fact that polarization can be observed during a time
interval of several tens of seconds after the end of the hydrogen
addition. This fact is a consequence of a small hydrogenation
The *H-PHIP NMR spectra were recorded on a Bruker DRX 200 rate kyyp) being mostly in the order dfyyp < 1 st under
spectrometer at a proton resonance frequency of 200 MHz. Reagentgypical catalytic conditions. Obviously, this method is limited

Experimental Section

(17) Halpern, JSciencel982 217, 401-407. to hydrogenations withyyp < 1 s7%; therewith polarization is
93(18) Bargon, J.; Kandels, J.; Woelk, K. Phys. Chenil993 180, 65- observed during a reasonable period of time. Figure 1 outlines
(19) Woelk, K. Bargon, JZ. Phys. Chemi993 182, 155-165. the experimental procedure to determiggp independently
(20) nbd= norbornadiene. of the relaxation rateR??) with a ROCHESTER-type experi-
(21) Chinn, M. S.; Eisenberg, R. Am. Chem. S0d.992 114, 1908~
1909. (24) Woelk, K.; Bargon, JJ. Re. Sci. Instrum1992 63, 3307-3310.
(22) Giernoth, R.; Hbler, P.; Bargon, JAngew. Chem., Int. Ed. Engl. (25) This density matrix is the result of a hydrogenation conducted inside
1998 37, 2473-2475. of the NMR magnet, i.e., under PASADENA conditions (PASADENA

(23) Crabtree, R. H.; Mellea, M. F.; Quirk, J. M. Chem. Soc., Chem. parahydrogen and synthesis allow dramatically enhanced nuclear alignment);
Commun.1981 12171218. see ref 10.
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Figure 1. Modified ROCHESTER experiment to determikgyp
independently of the relaxation rate (and independently of subsequent
reaction steps). The arrows indicate the up and down motion of the
capillary providing a stream of parahydrogen. The nunmdsrtypically

on the order of 10, antkep should be at leastT2.

Scheme %
K k,
S + Cat S-Cat S-HH + Cat
+ H2
rapid
equilibrium rate limiting

aS: substrate; Cat: active catalyst-8H: hydrogenation product.

mental setup (ROCHESTER= rates of catalytic hydrogenation
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Figure 2. Intensity of polarization (i.e.[lz11z2[) can be determined

by integration of the signal group at the chemical shift of the nucleus
1 (or 2),01 (or d), in the magnitude calculation mode. As long as the
expectation values of other longitudinal two-spin order tetmbkn

(n > 2) do not exceedlzilz.[] they do not contribute to the integral
that, therefore, is proportional tdiz;lz[J The nuclei 1 and 2 are
the two former parahydrogen nuclei, whereas nucleus 3 is an addi-
tional proton that is involved in relaxation processes leading, e.g., to

estimated spectroscopically through enhanced resonances). T®,1,, — —llzs.

avoid confusion, we use this acronym throughout this study
whenever the experiment as depicted in Figure 1 is used. As
described in the Experimental Section, hydrogen is added during
the time interval symbolized by the arrows in Figure 1, which
indicates the up and down motion of the capillary. During this
period of time, para-enriched hydrogen gas is bubbled through

Scheme 2

kHYD RZZ
S-HH

para-H, S-HH*

+8S
bS: substrate; Cat: active catalyst:-BH*: polarized product

the reactive solution at atmospheric pressure. The main advan-molecule.

tage of this experimental approach is that no hydrogen atmo-
sphere remains above the sample at the end of thedHlition.
Therefore, the (most likely rate-determining) step of a relayed
hydrogen transfer from the gas phase into the solution is avoided

d1 is not altered by two-spin order termglz, with n = 1, 2.
In the example depicted in Figure 2, the decaypflz,[is
dominated by the rate of longitudinal autorelaxation, i.e.,

and excluded from consideration. Otherwise, this phase-transferddizlzoldt ~ Ri#?[z1lz2[) All processes leading téyilzz —

step complicates the description of the kinetics which then is
not governed by a first-order decay of J-ranymore.

As already outlined! the starting point for the theoretical
framework of this experiment is an approach of J. Halpern et
al2627 assuming the mechanism depicted in Scheme 1 for a
homogeneously catalyzed hydrogenation, i.e., the product
formation follows a pseudo-first-order kinetics if the substrate
Sis present in large excess. This type of mechanism frequently
applies if the hydrogenation is catalyzed by a cationi¢ Rh
complex containing a chelating diphosphine ligdhdccording
to this mechanism, the kinetics of the product{8) formation
can be described by eq 1,

d[s— kK
S = e iSICathor
= K*pyp[CatlrorH,]
= KuyolH2] 1)

where [Cat}or = [Cat] + [S—Cat]. To obtain a pseudo-first-
order kinetics, an excess of the substrate S is required. This
condition has been met for all experiments throughout this study.
To describe the time dependence of the PHIP intensity,
another “reaction” must be considered: the relaxationg®fp
= l21lz2. Neglecting cross-relaxation as well as cross-correlated
effects between two dipolar interactions, the decai, gt is
mainly determined by the rate of longitudinal two-spin order
relaxation, R??. As outlined in Figure 2,711z can be
determined by integration of the associated signals in the
magnitude calculation mode. The intensity of a signal group at

(26) Halpern, J.; Riley, D. P.; Chan, A. S. C.; Pluth, JJ.JAm. Chem.
Soc.1977, 99, 8055-8057.
(27) Landis, C. R.; Halpern, Drganometallics1983 2, 840-842.

I721173, i.€., cross-relaxation and cross-correlated interactions,
have been neglected, since the corresponding terms are expected
to be small relative td&,%%[Iiz112,0] Hence, the PHIP intensity

as a function of the time can be described by a two-step reaction
as indicated in Scheme 2. The time dependence eHS*]

(that is proportional tdliz1z20) is given by eq 2, where [}4]°©

is the concentration of parahydrogentat O.

I<HYD [H 2*] °

[S=HH () = 57

(exp(Kyypt) — exp(—R*t))
2

In a related study, it was pointed out that eq 2 yields a first-
order decay for [SHH*] if RZZ > kyyp.2! However, this
relation is not a necessary requirement for the experiment and
the theory sinc&?? is possibly of the same order of magnitude
askqyp (e.g., 0.5 s1). Nevertheless, eq 2 can be applied to the
ROCHESTER experiment if the main feature of the PHIP
method is taken into account. During each FID, only the
polarization is detected that has been formed just a few seconds
before. Therefore, each detection pulse reads out the current
“compromise” between formation and relaxation. Simulta-
neously, further polarization is generated independently during
thenth cycle and is transformed into observable magnetization
by the fi+1)th detection pulse. The “repetition timegiep
(typically in the order of 10 s) is constant, whereas the
concentration [H#] is not because parahydrogen is consumed
by the chemical reaction independently of the NMR experiment.
As explained above, the concentrationfHfollows a first-
order exponential decay. Therefore, the expressiosi]fHn
eq 2 is now a function of the time and has to be replaced by
the expression [bt] % exp(—kuvot), whereast is now repre-
sented by the constatiep. Thus, the time dependence of the
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Table 1. Rates for the Hydrogenation of Different Acetylene
Derivatives Determined Using the ROCHESTER Experiment:
Phenylacetylenelj, 3,3-Dimethylbut-1-yne3),
(Trimethylsilyl)acetylene J), and (Triphenylsilyl)acetylenedf@

* *

para-H, H H
R = H
/
[Rh(dppb)(cod)]BF, R H
substrate R kavp (s71)
1 Ph— 0.140+ 0.005
2 (CHg)sC— 0.085+ 0.002
3 (CHg)Si— 0.064+ 0.004
4 (Ph)Si— 0.085+ 0.003

a All measurements were performed using a total catalyst concentra-
tion ([Catlor = [Cat] + [S—Cat], see Scheme 1) of [Cat]r = 14.16
mM (catalyst precursor [Rh(dppb)(cod)]|BiR acetoneds). The values
of kqvp were determined by linear regression.

PHIP intensity (that is proportional to {8HH*]) is obtained
as

[S—HH(t) =
Iil:zYzD[_Llj:]:exp(—kHYDt)(exp(—kHYDtREp) — exp-Rtgep)
(3)
This expression is equivalent to
[S—HHI(t) O expl—k.ypl) )

To investigate whether the experimental intensities as a
function oft = ntggp can be described by eq 4, the following
substrates were “tested”: phenylacetyletje 8,3-dimethylbut-
1-yne @), (trimethylsilyl)acetylene J), and (triphenylsilyl)-
acetylene 4). [Rh(dppb)(cod)|BE?® in acetoneds was used as

"bleu et al.

kinetics. The polarization signals of interest can be caused either
by the hydrogenation product or by an intermediate with a
lifetime sufficient to observe NMR resonances. An example for
the latter case is presented in the subsequent section, where the
generation of catalyst-attached product molecules is shown to
follow a pseudo-first-order kinetics. The use of cationic' Rh
complexes throughout this study does not mean that all systems
must follow the “unsaturated routé? of olefin hydrogenation.

The experimental conditions can, in principle, be varied so that
complementary pseudo-first-order cases are reached. We want
to mention briefly a few cases. (1) Systems that follow the
“unsaturated route”, whereby the substrate occurs in excess:
This leads to eq 1 and a first-order decay of polarization, as
discussed above. (2) Systems following the “unsaturated route”,
whereby hydrogen occurs in excess, &j8]<1: In this case,

the rate law can be approximated by

diS-HH] kK
d K]+ oNCathol lecess
~ le[Cat]ToT[H 2] excesLS]
=Ko 1s] ©

We are currently working on implementing a method experi-
mentally in which the polarization decay is substrate-controlled.
If both complementary pseudo-first-order conditions can be
achieved, the relation

—exXc
YD 1

k:::%sexc K[H 2] excess

holds (if, of course, the same mechanism applies in both cases).
This would provide for an interesting method to determie

(6)

the catalyst precursor. The experimental results are summarizedn situ which, otherwise, is difficult to achieve using conven-

in Table 1. The small standard deviations indicate that the
mechanistic model as well as the experiment are suited to
describe and investigate the above reactions.

As an in situ method, PHIP NMR spectroscopy always yields
the “true” rates associated with the formation of the product
molecules that have actually been formed by a mechanism
transferring the parahydrogen nuclei in pairs. Other competing
reaction pathways are possible, but if those are “PHIP-silent”,

tional kinetic methods. (3) Systems following the “hydride
route”: As a typical system, the catalytic properties of Wilkin-
sons's catalyst were investigaf&d®! and the decay of the
observable dihydride concentration, [RIGHL3] (L = PPh),

was measured by a kinetic study in the presence of a large excess
of cyclohexene. These experimental conditions lead to a pseudo-
first-order rate law??® This example shows that it is possible to
“implement” simple kinetic laws by a careful adjustment of the

no perturbation results from these processes. To investigateexperimental conditions. Current work focuses on the imple-

whether the rate of product formation as determined by the PHIP
method is actually associated with the dominant reaction

mentation of accurate conditions to use PHIP for the determi-
nation of hydrogenation rates more universally by considering

pathway, the results can be compared to the turnover rate asseveral different mechanisms.

measured by conventional NMR spectroscopy. On the other

The ortho/para equilibration in the static magnetic field during

hand, the PHIP method yields in situ values, and therefore, anyhomogeneous hydrogenations can be regarded by a density
changes of the rates can be monitored as a function of thematrix description of an intermediate state involving a Hamil-

turnover.
We want to note that “conventional” in-phase NMR signals

cannot be used to calibrate the integrals of the PHIP patterns,

since the former are possibly subject to a saturation effect if
trepis chosen so that they do not have enough time to recover
completely before the next cycle begins. The PHIP patterns, of

tonian that does not commute with the density matrix of
parahydrogen, i.e., causing a symmetry breakdown in the
intermediate stat¥. If the hydrogenation yields a weakly
coupled product spin system, all information about intermediate
states gets lost and only the operdtatz, remains. In contrast
to the isotropic density matrix of parahydrogen, the expectation

course, do not have to recover but are created freshly by thevalue of this operator decreases as a function of time due to

hydrogenation.

Application of the ROCHESTER Method to Other
Mechanistic and Experimental Conditions. The method
outlined in the preceding section, more precisely the way of
data analysis used, is limited to cases in which the rate of
production of the PHIP signals follows a pseudo-first-order

(28) dppb= diphenylphosphinobutane, cesd cycloocta-1,5-diene.

dipolar relaxation. The relaxation dfzlz; in the product
molecule is dominated bfR?%4, whereas relaxation during the
lifetime of the intermediate state leads to a competing “reaction

(29) Halpern, J.; Okamoto, T.; Zakhariev, A.Mol. Catalysisl97§ 2,
65—68.

(30) de Croon, M. H. J. M.; van Nisselrooij, P. F. M. T.; Kuipers, H. J.
A. M.; Coenen, J. W. EJ. Mol. Catalysis1978 4, 325-335.

(31) Halpern, Jlnorg. Chim. Actal981, 50, 1+-19.
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Iplyy —— 05131, - /Ph *
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0.51,, Iy, (SQ) Cat = Pt
051y, 1,, (SQ) Cat + p\;
0.5 Iy, Iy, = 0.25 (Iy, Iy, + Iy, Lyy) R jh " .
~+ 0.25 (I, Iy, - Iy, Iyy) ~cat
=0.25ZQ, + 0.25 DQy O
relaxation (n+1)" 45° * F
observable magnetization *
Figure 3. Operators produced by a #8letection pulse applied to decay
oprip = lzilz2. ZQ: zero quantum coherence, SQ: single quantum
coherence, DQ: double quantum coherence. "
pathway” and thereby to an effective hydrogenation rate that is
diminished depending on the lifetime of the intermediate, or, if R.Z
the intermediate state is passed through due to a fast equilibrium ®
(nonproductive parahydrogen addition and elimination), depend- decay

ing on the fraction of the intermediate state. The effect thereof Figure 4. Reaction sequence for the formation and decomposition of

is expected to be negligible in most cases, since the lifetime .o st attached ethylbenzene derivatives. The asterisks mark the

and he_nce the population of an intermediate is _usually small. positions of the two former parahydrogen nuclei. Solvent molecules in
Accordingly, the small conversion rates as determined by Brown the coordination sphere have been neglected.

et al®2 (on the order of 10* s™1 in solution) are small relative
to the duration of the experiment. investigated by R. H. Crabtree et al. to apply to hydrogenation
To finish the description of the ROCHESTER experiment, reactions catalyzed by Ir complexes, where the analogous
we want to discuss qualitatively the influence of relaxation. A product-catalyst adducts turned out to be stable such that they
necessary condition for this experiment is that all coherencescan be isolate@®
produced by theith detection pulse have actually decayed to  when using a cationic Rhcomplex containing achiral
zero such that they do not contribute to the magnetization chelating diphosphine ligand, ethylbenzene derivatives without
produced by then(+ 1)th detection pulse. Figure 3 summarizes a C, axis in the molecular plane (the same holds for the
the different operators produced by a singlé détection pulse.  corresponding styrene derivatives) form two diastereomeric
The 45 pulse transformspip into the coherenceZQ, SQ product-catalyst complexes. Accordingly, two geometrically
andDQ corresponding to the coherence orger 0, 1, and 2,  (ifferent adducts can be discriminated via separated resonances
respectively. These coherences are affected by relaxation duringn their PHIP NMR spectrum. A measurement of the rates of
the nth FID and during a subsequent delay. The transversal their formation and decomposition should allow to monitor the
relaxation of the coherenceSQ and DQ is most likely effectiveness of the chiral catalyst and, therefore, yield informa-
dominated by the inhomogeneity of the external magnetic field. tion about the origin of enantioselection. Such studies are
The operators 0.28x = 0.25(x1lx2 + Ivily2) and 0.3z1lz2 currently in progress.
possibly relax more slowly and may affect theH1)th FID if As already mentioned, the distinct observation of these
the subsequent delay is not long enough. The sum of both iscatalyst-attached product molecules is a consequence of a small
isotropic except for a tern(t)0.23z11z2, whereo(t) defines  detachment rate. To be visible as individual and nonbroadened
the fraction that has not decayed to zero at the beginning of thesjgnals in the NMR spectrum, the intermediate must be stable
(n + 1)th cycle. Only this fraction is transformed into further \jth respect to the time scale as defined by the amount of the
observable magnetization. Assuming that all operators decayshift of the corresponding resonances (typically on the order of
with the same rates, the two subsequent géises can be  20-60 Hz at a proton resonance frequency of 200 MHz). The
combined to one 90pulse which does not lead to any detectable intermediate can hardly be detected by conventional NMR
magnetization. The influence of incomplete relaxation is Spectroscopy in the thermodynamic equi”brium because the
expected to be negligible, however tifep is on the order of  corresponding concentration is very low. Accordingly, we take
2-3 T advantage of the unique ability of the PHIP NMR method: the
Determining the Rate of Product Detachment from the  accumulation of intermediate molecules during the transient
Catalyst Using the DYPAS Method.Recently, we reported  chemical reaction and, simultaneously, the generation of a
the detection of a special type of intermediate that occurs during magnetic nonequilibrium state that yields a large signal en-
homogeneously catalyzed hydrogenations: freshly hydrogenatethancement. A few seconds after the hydrogen addition has
product molecules still being attached to a cationi¢ &ftalyst  stopped, the chemical reaction has accumulated “sufficient”
via an arene ring? The rate of the detachment step turned out intermediate molecules in the solution for detection by PHIP if
to be relatively low, and as a consequence thereof, thesetheir decomposition rate is not too high. Nevertheless, this
intermediates become visible in the PHIP NMR spectrum as concentration is frequently still much too low for the detection
resonances shifted to higher fields. This type of intermediate py conventional NMR methods. Therefore, it is possible to
can be observed with a styrene derivative as the substrate angneasure rates associated with the formation and decomposition
a cationic Rh complex containing a chelating diphosphine of such intermediates only as a consequence of the PHIP signal
ligand. The rate of product formation may be strongly influenced enhancement.
by this “additional” reaction step that can be the rate limiting Figure 4 explains the occurrence of the PHIP signals
and, hence, the decisive one. This case has already beerorresponding to free and attached ethylbenzene derivatives, and
(32) Brown, J. M.; Canning, L. CI. Organomet. Chernd983 255, 103- it defines the model used to quantitatively describe the expected
111. and observed time dependence of the PHIP intensities. As shown
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45°

H,-
addition
Figure 5. “Pulse sequence” of the DYPAS experiment to determine
the rates of all processes leading to the formation and the decay of a
PHIP NMR signal. The delay time is varied between 1 and
approximately 30 s, depending on the rates of the involved processes.

Intensity

0 5 10 15 20 25 30 35
T [s]

Figure 7. DYPAS intensities of attached (squares) and free (triangles)
ethylbenzene during the hydrogenation with the catalyst precursor [Rh-
(dppb)(cod)]BR in acetoneds. The symbols represent the experimental
values, and the lines are the optimized fits according to the egs 9 and
10. The best fit has been achieved wigfp = 0.111+ 0.009 s,
korr = 0.351+ 0.003 s, R#? = 0.20+ 0.02 s, andRg?? = 1.23
+ 0.25 st The high value forRs?? (relative to R#?) is in good
agreement with the expectation of an increased correlation time in the
bound state.

Intensity

Figure 6. Theoretical course of the DYPAS intensities during the
hydrogenation of styrene derivatives as a function of the delaytime Table 2. Experimental Values for the Rat&svo andkorr

(according to the egs 9 and 10). The parametgtsandR?Z are fixed Obtained during the Hydrogenation of Different Styrene Derivatives
to korr = 0.15 s andR%Z = 0.1 s'.. Solid lines: attached product, Performing the DYPAS Experiment Depicted in Figufe 5
dashed lines: free product. The numbers represent different values for (Rh(dfpb)l' [Rh(dppb)]”

* *
Kivp. Krvo H % Korr H
x—@ — = X H ——— x_©_k/H*
para-H,

in Figure 5, DYPAS is proposed to determine the detachment

rate korp) as well as the hydrogenation ratep). According ~[Rncprol
to Figure 4, the processes that take place during the delay X—= kavo (571 korr (7
can be described by the following system of coupled differential —H 0.111+ 0.009 0.35+ 0.03
equations: —OMe 0.138+ 0.010 0.45+ 0.04
—OEt (0.40) 0.273t 0.024
HA| [0 O 0 [H] —NH, (0.84) 0.113t 0.036
g InB = kHYD —kOFF+ Réz 0 InB ) 2 The total catalyst concentration was 5.52 mM in acetdyé&-he
dt In _2Z\In errors are the standard errors of the least-squares optimization. The
F 0 kOFF RIE F numbers in brackets indicate experimental values with a high uncer-

) . tainty, even though the fits are very good.
In eq 7, Ig and In: are the PHIP intensities of bound and free

ethylbenzene, respectively, aRgf? andR-#Z are the associated
rates of longitudinal relaxation. For simplicity, any constant
factor relating the concentration and the intensity has bee

disregarded. The solutions of eq 7 under the boundary Condltlonsdescribe the PHIP intensity as a function of ime, several para-

= 0 = =
[Hl(0) = [H]" andIns(0) = In=(0) = O are substituted styrenes have been investigated using the catalyst
H#(1) = [H.4° expl—k.t 8 precursor [Rh(cod)(dppb)]BFn acetoneds. As a characteristic
[(H21() = [H,1" expkavol) ®) example, the experimental intensities observed during the
Ing(t) = hydrogenation ofp-methoxystyrene are shown in Figure 7
B o *]o (together with the least-squares fit according to the egs 9 and
yplH2 v 10). The results of the least-squares optimizations are sum-
RZ + koprp — K, (exp(—Kuypt) — exp—(Re” + Koepl)) marized in Table 2. Substitution of the para position of styrene
FF YD by electron-density donating groups roughly causes two opposite
9) effects: (i) the hydrogenation rate increases whereas (ii) the
rate of product detachment decreases. We propose that both

diminishes if the rate of relaxation increases. In the case of a

low production rate, the overall intensity is low whereas the
n polarization can be observed during a longer period of time.
To show that the model defined in Figure 4 is well-suited to

() effects are a consequence of the increasing bonding strength
Korr /In ® + Kuvp [H4(t) — between the arene ring (of the substrate and the product) and
Rﬁz _R%Z _ kOFF\ B Ko — Rﬁz 2 the cationic Rhcatalyst. This effect possibly causes an increase
of K (and, thereforekyyp; see eq 1) and most likely causes a
[H,%] 0& exp(—RﬁZt) (10) decrease okopr. The experimental data included in Table 2
Kivp — Rﬁz suggest that the detachment process is also influenced by sterical

effects. Possibly, the rate of detachment is diminished in the
The theoretical time dependence of the PHIP intensities is showncase of X = H because this substituent is sterically less
in Figure 6. The higher the value &§gr (or the smallekyyp), pretentious than the other ones. To draw precise conclusions, it
the later the intensity of the free product equals the intensity is necessary to determine more experimental data including
associated with the bound molecules. The overall intensity activation parameters. It is important to realize that, in the case
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Figure 8. Reaction scheme to explain the occurrence of two diaster-
eomeric productcatalyst complexes during the hydrogenation of
certain styrene derivatives with chiral catalysts. *Gatmbolizes the

active chiral catalyst species, and the asterisks mark the positions of

the two former parahydrogen nuclei. The indigeandb indicate the
two different reaction pathways, whereas the indBesidF represent

rates associated with bound and free product molecules, respectively.

Solvent molecules in the coordination sphere have been neglected.

of strongly electron-donating substituents (e.g., JNHhe

detachment step becomes rate limiting for the catalytic cycle.

To establish a link between the ROCHESTER and the
DYPAS experimentkyyp can also be determined independently
of R?? and korr according to the ROCHESTER experiment
depicted in Figure 1. In this case,t8IH]* atached(polarization
stemming from attached product molecules) follows a first-order
decay according to the rateyp which does not change the
validity of eqs 3 and 4 iR?Z is replaced byk' = korr + R?2.
This has indeed been verified experimentally during the
hydrogenation of styrene with [Rh(cod)(dppb)lBE = 3 mM).
Under these conditions, a valuelefyp = (0.0584- 0.001) s?!
was determined with the ROCHESTER experiment.

As pointed out before, two diastereomeric produzatalyst
complexes are generated in the case ohiaal catalyst. They

can easily be discriminated via PHIP NMR spectroscopy, €e.g.,

J. Am. Chem. Soc., Vol. 121, No. 22538p9

while hydrogenating 3-methylstyrene with [RR}{(S)-JOSI-
PHOS)(cod)|BE2 as the catalyst precursérWe propose the
mechanism depicted in Figure 8 to quantitatively account for
the occurrence of the two produatatalyst resonances. The time
dependence of the PHIP intensity during the delégccording

to the DYPAS experiment depicted in Figure 5) can be described
by the following system of coupled differential equations:

ks 0 0 0
0 —Riz Korra Kore.b
Kivoa 0 —korpa— RE™ O
kHYD,b 0 0 “RoFFb T Réz
[H*] [Hy*]
Inc | dfIne
INg, | dt|Ing, (1)
InB’b InB’b

where ks = Kuypa + Kaypp. Ingam is the PHIP intensity
associated with the bound product molecules (i.e., the two
diastereomeric catalysproduct complexes a and b) lis the
PHIP intensity associated with the polarized free product
molecules, andRg?% represents the rate of longitudinal
relaxation. The solutions of this system of coupled differential
equations were derived by Mathematica under the boundary
conditions [H](0) = [H2]° and In:(0) = Ing 4(0) = Ing p(0) =

0:

Ine = [H,4°
( Kivp aKorF a
(kHYD,a + kHYD,b o kOFF,a_ Réz)(kHYD,a + kHYD,b o Réz)
(exp(=(Kuyp,a T Kuyp p)t) — €XPE= Rézt)) +
Keivo pKorr o
(kHYD,a+ kHYD,b o kOFF,b_ Réz)(kHYD,a+ kHYD,b - F\%Z)
(exp(=(Kuyp,a T Kuyp p)t) — €XPE= Rézt)) -
Kivp aKorr,a
(kHYD,a+ kHYD,b - kOFF,a_ Réz)(kOFF,a+ Réz o Réz)
(exp(~(korr o+ RE)) — exp(-RED) —
Kiivo pKorr o
(kHYD,a+ kHYD,b o kOFF,b_ Réz)(kOFF,b+ Réz o REZ)

(exXp(—(Koprp+ REDL) — exp(—RéZt») (12)

INg =

kHYD,a/b
(kHYD,a+ kHYD,b - kOFF,aIb_ Réz)

(—exp(Kuypa T Kuypp)D) + exp(—(RéZ + kOFF,a/t)t)))
(13)

[H,1°

[H21(t) = [H*]° exp(Kavp.a + Kavo )

To verify the suitability of the mechanistic model as defined
by Figure 8, we used [RHJ)-(9-JOSIPHOS)(cod)]Bkas the
catalyst precursor that was generated in situ by stirring an

(14)

(33) (R-(9-JOSIPHOS= (R)-1-[(19-2(diphenylphosphino)ferrocenyl]-
ethyldicyclohexylphosphine.
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ing detailed information about the background of the observed

. hydrogenation rate. The second method, DYPAS, provides a
i possibility to monitor all processes occurring during a variable
delay time. It can be used to determine the rates of various
relaxation processes as well as to measure the rates of the
formation and the decomposition of all visible intermediates

i and product molecules. With this method, the occurrence of a
1 a special type of intermediate, produatatalyst adducts, in the

: PHIP NMR spectra recorded during the hydrogenation of styrene
derivatives with cationic Rrcatalysts can be investigated. The
associated processes, namely the formation and decomposition
of these intermediates, have been described by sets of coupled
differential equations that have been solved and fitted to the

Intensity

T T T T T T T T

0 2 4 6 8 10 12 14 16 18

T [s] experimental data. The production rates of the prodoatalyst
Figure 9. Experimental DYPAS intensities (symbols) vs delay titme ~ complexes as well as the kinetics of their detachment turned
during the hydrogenation of 3-methylstyrene with [RR)((S)-JOSI- out to be strongly influenced by the electronic properties of

PHOS)(cod)]BE (c = 0.0133 M). The best fit has ?een achieved with g pstituents in the arene ring of ethylbenzene (the hydrogenation
the following parameterskvoa = (0.034+ 0.002) %, kavop = (0044 product): Electron-donating substitution in the para position
kioo'ogz)(oié}j: 0 0_8)(1éq3ain(?i<15) g_' 2;24 4;(8'gg)i§?'0§i)r c?e’s increases the hydrogenation rate but decreases the detachment
Fra = (U. . ) Frb = (U. . . ;
represent the free product; triangles and squares represent the twora:tev' lg tthz c?ste (Iqijrh?tmm(f)ert?z Ib;er:iece,rtc\? detaghgfgigtttap
different product-catalyst complexes. p.o e. 0 be ag gto . e ,0 er. We use 0
visualize two diastereomerically different producatalyst

equimolare mixture of [Rh(cogBF4 and ®)-(S-JOSIPHOS complexes in the case of a chiral catalyst and 3-methylstyrene
in acetoneds without the presence of any substrate. Thereafter, 85 the substrate. These wo complexes are formed by two
3-methylstyrene was added and hydrogenated. As a result of a diastereomeric reaction pathways” that both yield the same
DYPAS experiment, the PHIP intensities obtained as a function Product molecule. Due to its ability to yield kinetic parameters,
of 7 and the optimized multiparameter fits are shown in Figure this method should provide a possibility to screen and optimize

9. The good agreement reveals that the model as defined bychiral catalysts: Different chiral catalyst systems can be
Figure 8 and eq 11 successfully fits the experimental PHIP expected to cause more or less distinct differences between the

intensities. This strongly indicates that Figure 8 is well-suited corresponding reaction pathways. These differences reflect and

to describe the reactions governing the detajThe method indicate the potential and suitability of a catalyst complex for

thus allows to differentiate quantitatively between two possible &1 a@Symmetric induction. In summary, the results demonstrate
diastereomeric reaction pathways. Further measurements with"at PHIP NMR spectroscopy can be utilized as a powerful and

other catalysts are currently under way to investigate the extraordinary kinetic in situ method to investigate homogeneous
differences between the rates corresponding to the two diaster1ydrogenation reactions.
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We propose two PHIP NMR methods to quantitatively
investigate homogeneous hydrogenations. The first method,
ROCHESTER, focuses on the rate of hydrogen transfer and,
depending on the experimental conditions, is capable of provid- JA984353Y



