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The hydrogenation of symmetric dienes withra-H, catalyzed by Rhodium complexes leads to remarkable
effects in the!H NMR spectra of the corresponding alkene derivatives, namely, an emission peak (negative
peak) in the aliphatic region ascribed to protons of the hydrogenated double bond and one or more enhanced
absorption peaks. The strongest absorption peak is invariantly assigned to the two equivalent olefinic protons
in the free alkene. The possibility that the observed behavior could be associated with a reversible exchange
betweenpara-H, and the olefinic hydrogens has been ruled out on the basis of the lack of deuterium
incorporation when the experiments are carried out wigh/Briable magnetic field experiments have indicated

that the positive peaks arise from relaxation processes, i.e., from cross-relaxation transfers (generally denoted
as NOE transfers; NOE nuclear Overhauser effect) originating from the enhanced magnetization at the
hydrogenation sites in the product or, more likely, at the hydride ligands in intermediate species.

Introduction SCHEME 1: Reversible Hydrogenation of a Double

) o i i Bond with para-H, Which Leads to Incorporation of
Since its discovery in 198ara-H; effects in the NMR Polarized Hydrogens in the Alkene Molecule

spectra have been widely exploited in several applications,

mostly dealing with the characterization of solution structures H H

of species present in very low concentration and the elucidation \M/ H \M ﬁ

of reaction mechanisnis1® The remarkable enhancement of g \ [ == R\}/QH —_— R%
absorption and emission signals in the hydrogenated substrate H H H
molecule is the result of the transfer from the nuclear spin- H H H
order (inpara-H, molecule) to the magnetization order (in the ]l

product). The detection gfara-H, effects in NMR spectra has
been associated with the occurrence of two basic requisites, i.e.,

* % *

the addition of both hydrogen atoms has to take place at the « H H H
same substrate molecule and it has to occur at two chemically R H NV *
unequivalent positionsLater it was shown thatara-H, effects H>=<H T R ! (H D R M I—f
can be detected also in products containing equivalent hydrogen * H #/%H
sites®11-13 This finding was accounted for in terms of the H H

relaxation processes occurring in an intermediate species
containing two structurally different hydride ligands, which
leaves a memory in the NMR spectrum of the proddiég.

An interesting case dealing with the reversible hydrogenation 1)
of an alkene substrate by [Rh(dieng)tA~ (diene= cyclooc- ' o . )
tadiene; L= phosphine, phosphite or arsine; A ClO;~, BF;, In principle, one may envisage routes able to indpaea-
PR) catalysts!4~19 has been recently reported by Bargon et H, effects on substrate resonances without proceeding to its

al2021 They showed that théH NMR spectra of diene and hydrogenation. For instance, this objective could be pursued

alkene molecules in the presence of the Rh catalystpana through the intermediacy of an adduct formed pgra-
H, displayed the typicapara-H, effects, without being hydro- hydrogenated metal hydride complex and the substrate of

genated. The observed behavior was explained in terms of theinterest, provided that suitable magnetic interactions between
the hydrides and the hydrogens on the substrate take place in
* To whom correspondence should be addressed. ord_er_to allow a _magnetization transfer betwee_n the two
tFax: +39011 6707855. Phone:4+39011 6707520. E-mail: moieties. The elucidation of mechanisms promoting the en-
ain;e@C_h.unito.it. _ . hancement of substrate’s resonances not implying its hydroge-
rmni"ﬁ‘ﬁér@ir?%glﬁm- Phone+33 383912049. E-mail: dc@meth-  nation may be relevant to envisage novel applications of PHIP
S Dipartimento di Chimica I.F.M. (para-hydrogen induced polarization) effects, for example in

I Laboratoire de M#hodologie RMN. the MRI field.

reversible additiorrelimination of hydrogen, leading to the
incorporation ofpara-H, atoms in the alkene molecule (Scheme
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2 3 SCHEME 2: Proposed 2-stages Mechanism for the
1 4 Polarization Transfer from para-H» to Cyclooctene on the
[Rh(COD)(dppb)]™ Complex (Path 1))
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Figure 1. 'H NMR spectra of the mixture [Rh(COD)(dppbjpara- I*{—ﬁ
H: recorded (a) 20 s after agitation of the sample and (b) after complete S
relaxation of thepara-H; polarization (270 MHz, acetonds; RT). U :’ H, .
*

In this paper we report about the observation of a polarization P\ III/;{
transfer, achieved through spin relaxation phenomena, from C _Rh * (b)
para-H, to monoalkenes (e.g., cyclooctene, norbornene, etc.), P |
which are formed during the first stage of the hydrogenation of S
dienes in the presence of [Rh(diene)(dppBffs~ (dppb= bis-

(diphenylphopsphino)butane). SCHEME 3: Proposed Concerted Single-stage
Mechanism for the Polarization Transfer from para-H, to
Results and Discussion Cyclooctene on the [Rh(COD)(dppb)} Complex (path 2))

1. [Rh(COD)(dppb)]™ (COD = Cyclooctadiene).An AL- . *H
TADENA?22 experiment carried out on the [Rh(COD)(dpptd)] P [ * % H |
para-H, system showed two enhanced signals in#HeNMR C \Rh HH,_ \Rh ()
spectrum (270 MHz, acetordy; RT) (Figure 1a). The strong P/ i - ! \l
absorption peak at 5.80 ppm is assigned to the olefinic hydrogen P
atoms of free cyclooctene, and the emission one at 1.58 ppm
corresponds to the overlap of aliphatic protons from both free
cyclooctene and cycloctane (which results from the complete copl s 1) polarization
hydrogenation of COD). Theara-H, enhancement is lost within S transfer
few seconds. From thtH NMR spectrum reported in Figure 2) hydrogenation

1b, one may note that the peak at 5.80 ppm has almost
disappeared at the end of the PHIP effect, reflecting the very P
low concentration of free cyclooctene generated in the first stage C N, 7
of the COD hydrogenation.

As previously observet};13the negative signal of cyclooctene
aliphatic protons (Figure 1a) is the result of the transfer of
polarized hydrogens, necessarily at two equivalent positions,
from non equivalent positions in an intermediate hydrido metal
complex which thereafter eliminates cyclooctene (see Scheme

S

CHART 1: Possible Structures of the Intermediate
Dihydride Species Responsible for the Polarization
STransfer to Cyclooctené

2 and 3 for possible mechanisms). H H
However, the observation of a strong enhancement (about H\ I H l S

20 times) for the olefinic protons of free cyclooctene (5.80 ppm) Rh \Rh/

is of great interest. This peak may be due (i) to the exchange of P/ I -

the paraH, hydrogen atoms with the olefinic protons of p P

cyclooctene, as proposed by Bargon et al. in systems containing b p

the same Rh catalyst with alkenic substrates (for example

styrene, Scheme #§;21(ii) to magnetization transfer originating a

from the enhanced magnetization of the two aliphatic protons - _ b

in the resulting cyclooctene molecule, or (i) to magnetization ~ * Two possibilities may be envisaged: structamepresents the step
transfer between thpara-hydrogen hydrides and the olefinic which preceeds the hydrogenation of one of the two olefinic bonds in

. L . . the coordinated cyclooctadiene whereas strudturepresents a later
protons of coordinated substrate in intermediate species suc tage, which is formed upon addition of a secpada-H, molecule to

as those sketched in Chart 1. ) the Rh(l) center once one of the olefinic moieties has been hydroge-
To assess whether route (i) is that responsible for the observedhated. S stands for solvent.

behavior, [Rh(COD)(dppbj]was reacted with deuterium gas
under the same experimental conditions. In the resuRig 30 min of accumulation and vigorous mixing of the sample,
NMR spectra no signal was detected at 5.80 ppm, even afterwhile the resonance at 1.58 ppm due to the aliphatic deuterons
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was clearly detected in the spectrum already after few runs. This The matrix

result allows us to rule out the possibility thetra-H, hydrogen

atoms could have been exchanged into the olefinic positions of —R’f -0

the cyclooctene molecule. B
Thus, the enhancement of the olefinic resonance has to be !

associated with magnetization transfer. First, one may wonder;s .jled the relaxation matrix. Solomon equations can be

about the possibility of polarization transfers by J coupling generajized to larger spin systems implying relaxation matrices
hich ALTADENA t Id occur at the initial . e

which, inan A -NA experiment, would occurat the Inial - \yhose dimension is equal to the number of spins in the

stage, that is outside the magnet. As all nuclei become .4 sidered system.

undistinguishable relative to their chemical shift, the Hamilto- Now, we shall perform an expansion up to second order in

niari1 jreduciejs to thé coupling terms, namelil = 3 i<j Jj(I,h assuming that only spiA benefited from thepara-H, polariza-
+ 1y + ). Suppoge now that the hydrogenation process tijon enhancement. We thus can Writé(O) = —Kleq (K
concerns the two sited\ and B so that the state of the standing for the enhancement factdg§(0) = leq and
corresponding two spin system is describeckghfI? + 1717 +

1”1%) whereK is a factor standing for the enhanced polarization B/ . (B d s il e

originating fromp-H, (the same spin order is achieved along 120 ~ 10) + 5 12 o TS5 el I

the three equivalent directions). In a general way, the evolution B a

of a given quantityG is governed by @/dt = 3 &G« where as far as the evolution of th® longitudinal magnetization is

the Gy represent all quantities necessary to the description of -gncerned. Using the expressions given by eq 1, this yields
the spin system; the coefficieag as well as the nature @

arise from the calculation of the commutatdd,5]. Let us R+ RE
assume that a spiB is J-coupled toA and let us look for a 18(t) ~ o(K + Dlegt — S )
possible polarization transfer frod to B under the action of 2

: . . : AB AB

thB HamiltoniarH; obviously, only the termdag(lyl, + 11y + Although this expansion is of course valid only at short times,
I71;) could Ee responsible for such a trgnsfeAr. For Instance, it teis us that a transfer (such a transfer is usually referred as
with G = |}, the relevant commutator y|eld:tx(f,’ — Iy nuclear Overhauser enhancement, NOE) leading fositive
because none of these quantities is present in the expressiogignaman occur provided that the cross-relaxation eatalways
describing the spin system aftpara-H, hydrogenation, the  positive in the case of small molecules in non viscous media)
possibility of any transfer towarBi magnetization components s not negligible and that the second termtdr(affected by a

is ruled out. Concerning a quantity suth? (which could as minus sign) does not compete with the first orie These
well be a possible candidate for polarization transfer), the conclusions are consistent with experimental observations
relevant commutator is simply zero. Therefore, we can definitely (enhanced positive peak for olefinic protons) and with the
forget about transfers outside the magnet and thus under thentuitive predictions proposed above. Of course, at longer times
sole J-coupling Hamiltonian. (Figure 1b), cyclooctene appears with line intensities corre-

Likewise, in the second part of the experiment, i.e., in the sponding to thermal equilibrium.

presence of a static magnetic field (even much weaker than that  Additional ALTADENA experiments under the same condi-
at the center of the magnet), since no special spin excitation istions were carried out at 90 and 400 MHz: the obtained spectra
performed (one is just dealing here with a simple read pulse) are reported in Figure 2. By comparing the intensity ratios
and since magnetization is purely longitudinal prior to observa- between the signal at 5.8 ppm and the signal of the aromatic
tion, transfers mediated bycouplings can be disregarded. In  protons of the phosphine ligand, it is evident that there is a
both cases they would anyway lead to an enhancement mucharge inverse dependence of the intensity of the cyclooctene

greater than the one experimentally observed. olefinic protons signal on the magnetic field strength.
We are thus left with relaxation processes and more specif- How can route (ii) or route (iii) account for the observed
ically cross- relaxation between aliphatic4jtand olefinic (H) behavior?

protons in cyclooctene, or between the hydrides and the olefinic At a first glance the magnetization transfer in cyclooctene
protons (H) in the intermediate complex, these processes being trough route (ii) would appear unlikely as relaxation rates of
conceivable owing to the proximity of the two groups of protons small molecules in a nonviscous medium are usually frequency
(Chart 1). It has to be outlined that such a process is effective independent. This is indeed confirmed by longitudinal relaxation
as far as specific longitudinal relaxation rates are not too large, measurements performed on cyclooctene (in solvent and tem-
otherwise they would kill cross-relaxation at its onset. To get perature conditions as close as possible to those which prevailed
more insight into the magnetization transfer mechanism, let us in the ALTADENA experiments:Ty(H;) = 29.2 s at 90 MHz
consider the Solomon equations for two spksnd B (15° and 28.0 s at 400 MHZ3(Hz 3.9 = 11.5 s at 90 MHz and 10.6
being the longitudinal components of their magnetizatigg, s at 400 MHz), these results indicate that a possible CSA
the magnetization at thermal equilibrium aﬁ@tB their longi- (chemical shift anisotropy) contribution in the organic molecule
tudinal relaxation rates). They are supposed to interact by dipolaris negligible (otherwise a variation proportional to the square
coupling (of course modulated by molecular motions) leading of the measurement frequency would be observed). Therefore,
to a cross-relaxation rate, actua”y proportiona| t(]';g (rAB if rO-Ut.e (||) is Contributing to the observed enhancement in the
being the internuclear distance). One Has olefinic resonance, we should look for another property which
is field dependent. The only one which is left is chemical shift

d A A B itself. At 90 and 270 MHz, resonances of protons 3 and 4 are
at I, = _R/fUz - |eo) —o(l; — qu) degenerate and, as a consequence, it is impossible to distinguish
these two spins, as far as polarization enhancements (arising
d 1B = _0(|A_| 0)_ RB(IB — q) 1) from para-H,) are concerned. In other words, any cross-
dt ¢ z e 1Vz e relaxation effect from 4 to 3 cannot be detected. Conversely, at
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H, recorded (a) 20 s after agitation of the sample and (b) after complete
relaxation of thegpara-H; polarization (400 MHz, acetongs; RT). The
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Figure 2. 'H NMR spectra of the mixture [Rh(COD)(dppbjpara- occur simultaneously, then involving only opara-H, and one
H. recorded 20 s after agitation of the sample (a) at 90 MHz, (b) at COD molecule (Scheme 3). After the complete transformation
270 MHz, and (c) at 400 MHz (acetonig; RT). of COD into cyclooctene no effect is detected on the cyclooctene

) olephinic signal, even after vigorously shaking the sample and
400 MHz, resonances corresponding to protons 3 and 4 becomepe replacement of theara-H, atmosphere. Analogously,
distinct and cross-relaxation (nOe) from 4 to 3 can take place. experiments carried out in the presence of free cyclooctene and
It can be noticed that the+Hs distance (ca. 2.6 A) is shorter  gther alkenes did not yield any enhancement in the olefinic

than the H—H, distance (ca. 2.9 A) thus making cross-  gjgnals of these molecules. On the basis of these observations
relaxation transfers easier (it has to be reminded that the crossyne can rule out the occurrence of a reversible coordination of
relaxation rateo; depends om,%,). It is evident that if the  the mono-ene substrate at the bis hydridic Rh center.
major part of H magnetization has flowed, it is no longer Now, the differences in the field dependence of the aliphatic
available for H. Thus, the lack of a strong signal at 5.80 ppm  an( olefinic resonances (it can be observed from Figure 2 that
in the 400 MHz spectrum could be explained by the fact that ne intensity ratio between the two classes of protons is not
degeneracy of fland H, resonances has been lifted. In fact, majntained on going from low to high magnetic field) could be
the above analysis is somewhat intuitive; more reliable conclu- gccounted for on the basis of the evolution of the longitudinal
sions_ would require the consideration of the full relaxation component of aliphatic proton magnetization, which, in accord
matrix. . _ . with the notations of egs 1 and 2, can be denotedfliyvhere

The fact that polarization is transferred solely at the olefinic 5 — hydride ligands) because these protons derive from the

protons H and not to the adjacent protons,kvhich would be  jract transfer of the hydride ligands on the organic substrate:
closer to the propagation center according to this mechanism,

seems to be better explained by a magnetization transfer (RA)2+02

occurring through route (iii), where the propagation center would IA(t) ~ | ({—K + RA(K + 1)t — 1 (K + 1)t2 3)

be represented by the hydride ligands at the intermediate species. > € 1 2

In fact, the changes observed upon varying the applied magnetic

field strength could be explained on the basis of the CSA Since the dependence kﬁf(eq 3) and? (eq 2) uporR’f ando

contribution to relaxation of the hydride ligands in the inter- is quite different, it is not surprising that a differepara-H,

mediate species (it has been shown for similar metal complexeseffect is detected on the two types of protons, even if the

that this contribution is not negligitf®. At higher magnetic intermediate species involved in the magnetization transfer and

field strength this contribution would be greater and thus it in the hydrogenation reaction is the same.

would increase the value d% in eq 2, therefore causing a 2. [Rh(NBD)(dppb)] ™ (NBD = Norbornadiene). By react-

decrease in the longitudinal component of the olefinic protons ing [Rh(NBD)(dppb)] with para-H, under the same conditions

magnetizatiori?. as above, analogous results to those reported for the COD
The polarization transfer fromara-H, to cyclooctene olefinic  complex have been obtained. TH¢ NMR spectrum recorded

protons through route (iii) is then dependent upon the lifetime at 270 MHz is reported in Figure 3. The signal at 5.93 ppm

of the intermediate hydride species and it may be envisaged toattributed to the double bond of free norbornene (derived from

occur through one of the two alternative pathways depicted in the monohydrogenation of NBD) is clearly highly polarized.

Schemes 2 and 3. (1) After the addition of qaga-H, molecule Furthermore, polarization is observed also on the signals

to form the coordinated cyclooctene moiety, there is the corresponding to F(positive signal) and E(negative signal),

coordination of a secongara-H, molecule at the coordinative  Has (positive signal) (see assignments in Figure 3).

vacancy of the Rh center: it is at this stage that magnetization Deuterium studies have shown that also in this case there is

transfer from hydrides to olefinic protons could take place not direct hydrogen transfer in the double bond protong ¢l

(Scheme 2); (2) a “concerted” mechanism, in which both the free norbornene, thus suggesting that magnetization transfer to

magnetization transfer and the hydrogenation of the COD ligand these protons occurs as in the previous case.
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‘ Figure 5. H NMR spectra of the mixture [Rh(NBD)(dppb)L,5-
() hexadiengdara-H; recorded (a) 20 s after agitation of the sample and

(b) after complete relaxation of thgara-H, polarization (400 MHz,
acetoneds, room temperature). NBE= free norbornene, “*"=
unreacted 1,5-hexadiene, the signal at ca. 3 ppm is due to water.
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Figure 4. 'H NMR spectra of the mixture [Rh(NBD)(dppbpara rather low as compared with the affinity toward dienes and this

H, recorded 20 s after agitation of the sample (a) at 90 MHz, (b) at fact e>_<p|ains why_no po_larization can be transferred to monoalk-
270 MHz, and (c) at 400 MHz (acetomig; RT). enes in the reaction mixtufé However, the great tendency of
dienes to bind to the Rh atom can be exploited to polarize the
o . L proton resonances of free dienes, in an analogous way to that
The main difference with respect to the COD case lies in the depicted above (Scheme 2) for bound COD and NBD. This
observation that also the resonance due to protons adjacent tQyqyid be very useful for further applications, since it would be
the pleﬁmc linkage is st_rongly enhance_d. Experiments performed o way to transfer polarization in a continuous way to target
at different magnetic field strength (Figure 4) have shown that j51ecules.
only the intensities of the S|gna}ls attributed tg Hz and H; in A series of experiments using both the [Rh(COD)(dppb)]
the norbqrnene molecule are fl_eld-dependent. Fgrthermore, thegng [Rh(NBD)(dppb)} complexes in the presence of free dienes
H./H3 ratio results unchanged in all the spectra, indicating that (COD, NBD, 1,5-hexadien-3-ol, 1,5-hexadiene) grata-H,
the most likely pathway which brings polarization on i the were then carried out. In all cases polarization was observed
transfer from H (derived from hydrogenation). On the other 4, the double bonds in the corresponding monoalkenes even
hand, the olefinic protons peak displays the same intensity on y¢er several seconds (about 180 s). By successive shakings of
going from higher to lower magnetic field strength. the samples (in order to dissolve “novgdara-H, in solution)
_ All these observations are indeed quite consistent with the the effects on the olefinic protons of the free monoalkenes can
interpretation based on nOe transfers from the hydride ligandspe opserved until all thgara-H, has been consumed. This
to the olefinic protons of norbornene in the intermediate species, indicates that the continuous interaction of the dienes with the
as in the COD case. The maintenance of the same intensity ofmetallic center induces magnetization transfers, even after the
the Hy signals (while H, Hs, and H, vary with the applied field ~ complete conversion of the originally bound COD or NBD
strength) can be taken as an evidence that the magnetizationnglecule.
transfer from H |S not ||ke|y to occur, Since |f thIS was the In the cases of 1'5 hexadiene and 1,5_hexadien_3_0| (|n F|gure
case the same field dependence should be observed for all the; the spectra of the former molecule are reported as an example),
norbornene protons signals intensities, even for the.ol.eflnlc ones.pegative polarization is observed on the methyl group deriving
The nondependence of the norbornene olefinic protons from the hydrogenation of one of the two double bonds, while,
resonance on the magnetic field strength could be due toasinthe COD and NBD cases, positive enhancement is observed
different efficiency of the NOE between the hydridic and the on the olefinic region of the spectra. No effect is detected on
olefinic protons of the bound alkene molecule with respect to the resonances attributed to the intermediate Gitdtons (H
the cyclooctene case. It may be possible that the norborneneand HyHs for 1,5-hexadiene). This allows one to state that also
molecule, which is less sterically demanding than cyclooctene, in this case a magnetization transfer via nOe occurring from
may be allowed to get closer to the hydride ligands. In this the hydride ligands in the intermediate complex is more likely
case the dipolar interaction between the hydrides and the oleflnlcthan that from the aliphatic protons in the hydrogenated product.
protons would then be greater. Consequently, the CSA contain-  Furthermore, double bond polarization is observed only on
ing contributions would become less important with respect to the olefinic proton H, and not on HH,. The observed
the cyclooctene case and the field dependence of the signalsselective magnetization transfer” onglgéan be explained on
intensities would become smaller, as observed. In other words,the basis of the geometry of the coordinated diene in the
o in eq 2 would be greater for the norbornene intermediate than intermediate species: it is reasonable to suppose that the less
for the cyclooctene one, rendering the CSA containing term crowded part of the double bonds (i.e., the moiety containing
(R} + R) still less competitive. H; and H) can more easily be turned toward the phosphinic
3. [Rh(diene)(dppb)]* (diene = COD, NBD) in the Pres- ligand, while the most crowded moiety, i.e., that containing H
ence of Free DienesAs it has been noted above, the affinity can be turned toward the hydride ligands, as depicted in Chart
of the [Rh(diene)(dppbj] complexes toward monoalkenes is 2. The latter protons would then be closer to the polarized
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CHART 2: Proposed Structure of the Dihydride
Intermediate Species Involved in the Polarization
Transfer to 1,5-Hexadiene and 1,5-Hexadien-3-ol

3 R
.
\th ™
| |
p
R=H,OH

Aime et al.

IH NMR spectra were recorded on JEOL EX-400, JEOL GX-
270, and JEOL EX-90 instruments, operating at 399.65, 270.05,
and 90.0 MHz, respectively. One scan spectrad (lise) were
acquired in each experiment.

°H NMR spectra were recorded on the JEOL EX-400
spectrometer, operating at 61.64 MHz? $Qilses and repetition
times of 1.0 s were used for acquiring these spectra.

T1 measurements were carried out by using the inversion
recovery pulse sequence.
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