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Abstract: Os(CO)1o(NCCHs), has been hydrogenated with para-hydrogen to yiel@${CO),o where the

two hydrogen nuclei remain magnetically equivalent and therefore in a singlet state. Despite this equivalence,
an enhanced longitudinal magnetization is observed to decrease toward thermal equilibrium. It is postulated
that this enhanced magnetization is created through a nuclear relaxation interference mechanism (cross-correlation
between dipolar interaction and chemical shift anisotropy); decay curves are then successfully analyzed by
means of a spin relaxation theory adapted to this situation.

Introduction mentioned that in some instances, an enhanced line is visible
. — . at the normal proton resonance, correspondirigQecontaining
_ About 10 years ago, proton spin polarization via hydrogena- iqecyles, This rather amazing feature is further considered
tion by para-hydrogen (p-Hiwas discovered? This phenom- in the present study in which GEO)(NCCHs), has been
enon comes from a tremendous enhancement of proton NMR hydrogenated with para-hydrogen to yielg®4(CO)o where
transitions in the hydrogenated product provided that hydroge- ho 1o protons are seen to remain strictly magnetically
nation originates from p-kithrough an appropriate catalyzed equivalent and should not lead to any kind of enhancement.
induced process. This enhancement allows, among other thingSpyere the transfer of the initial pHpolarization to proton
one to obtain information about chemical intermedidteEnis longitudinal magnetization will be discussed on the basis of
method is quite appealing but is apparently limited to products ,\ciear relaxation processes, and it will be tentatively shown
in which the two hydrogen nuclei become magnetically in- ¢ this s in fact the only means to explain the experimental
equivalent. This can be easily understood by symmetlry ghqervations. In brief, as the initial state stems from the
considerations since pstgorresponds to an unobservable singlet longitudinal spin order, an efficient route for ending up with

state, highly polarized, which needs to be converted into |, dinal magnetization is via a cross-correlation (dipolar-

observable magnetization so as to be detected. Obviously, the.pamical shift anisotropy) term. This relaxation process, known

easiest way to reach this goal is to transform the relevant stateg, 5 long time>8 is now invoked more and more frequently
of an A spin system (the so-called longitudinal spin order, pocase it turns out to be more effective in experiments carried
represented by the spin function {i2)(a8 — o)) into states it high magnetic fields. The relevant theory (which does
of the same zero quantum number capable of leading 10 ot imply a high magnetic field) will be developed with regard

observable transitions (namely thg andja states of an AX 4 the possible exploitation of experimental data at a molecular
spin system). These two states are then highly polarized (0r|qye|.

highly populated), leading to intense transitions (for instance,

from af to ff), the enhanced intensity arising from the Theory
overpopulatedy andfo energy levels. Thus, it appears that . . _
a prerequisite fgr obferving such enhanced NMR spectra is to The _prol_olem we a_lrel dealing with concemns Iongltud_mal
form hydrogenated products where the two hydrogens become'€/2xation in an A spin '/ system, where the only quantity
unequivalent. Indeed, whenever the two hydrogens still remain which can be megsured IS the sum of longitudinal magnetzations
equivalent in the final product, an enhancement was observed®f the two nuclei A and A i.e.

only at the!3C satellite level because the presence of a carbon- A A H

13 effectively breaks the magnetic equivalence of the two V1= (1/“/2)D]z +17; — 2 1)
relevant protoné. However, in the paper of Haake et 4lt,is

The factor (14/2) insures normalization of the magnetization
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spin system (which would bdX — 15), (17" — Igy), 2712, in and where
addition to the fourth trivial mode, the identity): .
A H Ki=9 (@) rHt
vy = (UV2)I + 15 — 2150 ax) 5

_ A A" A A A A A A
vy = V2L I+ 15 1) 0= (V2T N+ 1A AT (2) KA =2, (A0) (7B

vy =200 120

3
Ho 1 AoByyih
KESAI= 1 /%2 >3 cod 0 — 1) ———— (6
v1 has been repeated in eq 2 for the sake of completeness. The 5\/ S4n 2( o riA, ©6)

choice of these magnetization modes stems from the fact that

they must commute with the static Hamiltonigty. Because  |n eq 6, the various symbols have their usual meaning (i.e.,
A and A share the same resonance frequency, the coupling termag, shielding anisotropy;raa;, distance between the two
in Hop (although not involved in the calculation of line pogitions hydrogen atomsyy, proton gyromagnetic ratio, etc.); moreover,
and intensities) is of the fordal AIA = Jaa (15 17 + I? IC + in the expression oK®SAd ¢ is the angle between the main
I”12). It may be recalled that no coupling exists between axis of the shielding tensor and the internuclear direction so
modev; on the one hand and modes and v3 on the other thatKCSAdmay become positive. It can be noticed thaf'(,)
hand if cross-correlation is ignored. We shall see that this is is the usual relaxation rate of like spins (including theffec®),

not the case here and that the cross-correlation term CSA(A),-denoted below bﬁ’l\ Likewise (—I's3) represents the specific
dip(AA") (between the chemical shift anisotropy mechanism at relaxation rate of the longitudinal spin order and will be denoted
nucleus A or A and the dipolar A-A' interaction) must be by (4‘/3)R’1*A'_ With this notation, one has aldty, = _R’i\A'/g
accounted for in order to explain transfer frog(and possibly and I'ys = V2R\A/3. It is easy to see that, in extreme
vp) to v1. This latter relaxation parameter is often dubbed as narrowing conditions ¢?r? < 1), R\ = 3R — (12/5)R/1k‘dip,

mﬁer(;e:lencet tg_rm I. tv\A/\ I_ast_ powg c?nceénfhgzn@ mgdg,tﬁls_o WhereR’f,dip is the dipolar contribution ttR’f. We shall further
called “longitudinal two-spin oraer’, an modae. their denote (3{/2)J°AYw) by ocsae It turns out that, andvs

Lhermal egullhbnum values atrr(]e zertl). However in Nf‘_f will ith are not independent but can be gathered into a single normalized
e seen below), those are the only nonzero quantities wi amodey’, also orthogonal to:

value several orders of magnitude larger than proton thermal

equilibrium magnetization. V= v — vl V2) = 2B — 1M O (7
We can transform the usual relaxation equations so as to adapt Vs = vV = VB ()

them to the new magnetization modgsv,, andvs. This can

be written in a matricial form corresponding to a set of three

simultaneous first order differential equation

with the benefit that eqs 3 reduces to two simultaneous first-
order differential equations

dv,/dt = —Rv; — Ocep '
i L1 '
a2 =[] 3 dv'/dt = —0cga 1 — R4V (8)
V3 V3
. . e . H
where the relaxation matrix is symmetrical with the following While the initial value of moder, is —+/2lgq e shall denote
elements: by Klg4 the initial value of mode” (K should be very large and
is associated with the initial polarization). As clearly demon-
Iy, =—-3Qw) — 1,3% () — ¥,3°* (0) — 23" (v) strated in several recent NMR wotRs!3 and as p-H corre-
sponds to a singlet state, this can arise solely from a nonzero
I,=v3,3%% () (initial) value for the longitudinal spin order K21%') involved

modev'. It turns out that if only p-His considered, the initial
state is represented WA and+'(0) would be zero. Thus,
there must exist some step in the hydrogenation process by
which (2% 12) is created while the two other product operators
(22 11) and (27 1Y) become irrelevant. As suggested below,
intermediate products corresponding to an AX spin system can

_ d CSA rf lead to such a situation. However, experimental conditions
o= U2V2)3° () + 3237 () + 2v/23" () relatively difficult to control would make useless the evaluation

1, d CSA i of K and it will be rather considered as a parameter to be
[y =—1,3"(0) =337 (0) — 43" (v) determined from experimental data. With these two initial

, . o conditions, eqgs 8, which are of the Solomon type, can be solved.
The J's are spectral densities whose superscripts indicate the g yields for the quantity we are interested in (as it is the
relevant relaxation mechanism (d, dipolar; CSA, chemical shift

5= —+/33%% ()

T = =10 (@) = 10 (@) - 20" () (&)

anisotropy; rf, random fields)y = 27vy wherewy is the proton b (9) A%fa]gaféh lAé-I(-Shle principles of nuclear magnetis@xford University
H s ress. Xrord, .
Larmor frequency at the considered magnetic field. In a general (10) Barkenmeyer, J.; Bargon, J.. Sengstschmid, H.: FreemanMagn.
way, J™(w) can be expressed as Reson. A1996 120, 129.
(11) Sengstschmid, H.; Freeman, R.; Barkenmeyer, J.; Bargdriyiagn.
.J"'(w) — Krr’ j"’(a)) (5) Reson. A1996 120, 249.

(12) Haake, M.; Natterer, J.; Bargon,J.Am. Chem. S0d.996 118

wherel is the so-called reduced spectral density whose simplestse?fé) Natterer, J.; Barkenmeyer, J.; BargonJ.JMagn. Reson. A996
form is 2rJ/(1 + wzri), 7. being the relevant correlation time 123 253.
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Figure 1. Evolution of the proton magnetization in,B8%(CO)o
obtained by hydrogenation of g§€0).((NCCH), with para-hydrogen.
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Figure 2. Formation of HOs(CO)o from Og(COXo(NCCHg),.
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Figure 3. The two exchanging hydrides which occur as intermediates

in the hydrogenation of QECO)(NCCH),. It can be noted that in
these compounds, the two protons are inequivalent.
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The 400-MHz data (squares) have been fitted according to egs 9 and
12. The interest of the theoretical curve (obtained with the parameters

resulting from the fit; see text) is to show the essential trend of the '€action was reported some years ago by Poe and co-wétkers

relaxation process considered here.

only observable):
vy(t) = 15, explyt) + a, exp@,b)]
A= (R £ X)/2
8, = [~(UV2) £ (R~ 0gsn d)/IX] ©)
R. =R+ R"
X= (R +40gsn ™

Experimental Section

Os(COQo(NCCHs), was prepared according to the procedure
published by Nicholls and Varga$. Para-enriched hydrogen was

prepared by storing Hover FeO3 at —196 °C for 3—4 h. 'H NMR

(see the scheme of Figure 2). The two acetonitrile groups are
labile and are replaced by an hydrogen molecule which
oxidatively adds to the GsOs bond to yield two equivalent
bridging hydrides. However, one can easily envisage that in
such a reaction, the stepwise release of one N£Yélds the
formation of an intermediate species of formulauH{)Os;-
(CO)1o(NCCHg) (Figure 3). In our experimental conditions we
cannot detect this intermediate either for its low concentration
or for the fact that that the hydrides are exchanging at an
intermediate rate at room temperatéifeAs a consequence the
A, spin system of p-Hlis transformed into an AX spin system
and back to an Aspin system in the final compound. This is
presumably the mechanism by which the initial state ofyp-H
represented byAI#', is converted into a longitudinal two-spin
order, (27 12), in H,Os(CO)o. Thanks to the intermediate
step of the AX system symmetry is broken and polarization
remains in the form of a state represented UQ (2) since this

spectra were recorded on a JEOL EX-400 and a JEOL EX-90 occurs in the presence of the static magnetic field. Of course

spectrometers.

The experimental procedure (ALTADENA was as follows: In a

5-mm screw cap NMR tube, 0.1 mL of a CQGolution containing
0.1 mg of Og(CO)o(NCCH;s), was mixed with 0.4 mL of a CDGI

solution saturated with p4 The tube was shaken vigorously and
quickly inserted in the spectrometer (the experiment was carried out at
25°C). The formation of HOs;(CO)o may be easily followed by the

some relaxation may have occurred already at the intermediate
step represented by pH)Os(CO)io(NCCH;s) through the
various mechanisms described in the theoretical section, and
their effect on the populations in the,Apin system of the final
product may be important. However, in this paper, we show
that the overall behavior of the longitudinal magnetization in

change of the solution color from yellow to violet. Spectroscopically, P-H20%(CO)omay be well accounted for in terms of a suitable

the transformation of QECO)(NCCHg), into H,Os(CO)o may be
monitored by the appearance of the hydride resonanegl a5 ppm.
Despite being a coordinatively unsaturated specieg)sCO)o

displays a remarkable chemical stability in the absence of strong donor

Lewis bases. In order to deal with a transformation of a(O®).¢-

(NCCH), as complete as possible, we have carried out the reaction in

large excess of p-Hreactant.

The proton NMR signal at 400 MHz was monitored as a function

relaxation model based on the occurrence of efficient cross-
correlation between dipolar interaction and Chemical Shift
Anisotropy.

The general appearance of the evolution of proton magnetiza-
tion in H,Os3(CO)0 should be as indicated by the “theoretical”
curve of Figure 1 and can be understood as follows: first the

(16) Hudson, R. H. E.; Poe, A. J.; Sampson, C. N.; Siegell. £hem.

of time, following the end of reaction; its intensity was measured with Soc., Dalton Trans1989 2235.

respect to the signal of 0.00312 mmol of &H, used as reference.

(17) The NMR characterization of H{H)Os;(COo(NCCH;) has been

The values given in Figure 1 are therefore in arbitrary units. Although Possible by reacting #s(CO)o with a large excess of NCGHca. 1:200)

leading to less accurate results, similar experiments were also performednr,'v

at 90 MHz to check the overall theory.

Results and Discussion

The results presented here arise from®&(CO),o obtained
by hydrogenation with p-H of Os(CO)io(NCCH;g),. This

(14) Nicholls, J. N.; Vargas, M. Dinorg. Synth.199Q 28, 232.
(15) Pravica, M. G.; Weitekamp, D. Zhem. Phys. Lett1988 145
255.

CDCls. At —40 °C the yellow solution displays, in the hydride region,

0 pairs of doublets¥;y = 3.5 Hz) for the two isomers reported in Figure

3 (in the relative ratio of 1:4) in addition to the resonance of the unreacted
H,0s(CO)p (in the relative ratio of ca. 1:6 with respect to the main
product). The main isomer—<10.1 and—17.3 ppm) corresponds to the
derivative containing the terminal hydride and the acetonitrile ligands on
opposite sides of the @plane. In the minor isomer{(9.9 and—17.0 ppm)

the two ligands are on the same side. As the temperature is increased, a
progressive broadening of the hydride resonances takes place accompanied
by an increase of the #s(CO) resonance, outlining a shift in the reaction
equilibrium. At ambient temperature only the latter signal is detected, and
the color of the solution clearly turns to intense violet.
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longitudinal spin order polarization (arising from p-Hmode
v") is converted into longitudinal polarization via the CSA
dipolar interference term; in a second stage, this polarization

must necessarily decrease through damping (relaxation) pro-
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could be derived. Unfortunately the experimental conditions
preclude the detection of the first part of the evolution curve
and the available data points have been found to be sensitive
only to I, (obtained with the arbitrary units used fit)), R,

cesses toward the thermal equilibrium value. The key parameter|:\>’i\dip (as long as the constraint of being smaller m%’ih is

is obviously the CSA-dipolar interference termjcsa,s Which

imposed), and to the produklocsae AS a consequence, we

can be expressed, again within the assumptions of extremewere unable to determine unambiguouslyga s and we thus

narrowing and isotropic reorientation, as a functionRﬁfdip,
which is the intramolecular HH contribution to the relaxation
rate

Ocspd=— %(3 cos 6 — 1)(vOAa)R§\diJ(% ?’rif‘) (10)

where@ is the angle between the+HH vector and the principal
axis of the shielding tensoAo is the shielding anisotropy;

is the measurement frequency, ang the H-H distance. By
inserting appropriate numerical values, eq 10 can be written in
a more useable form

Ocsad ™
—(1.92x 1074)(3 cog 0 — 1)R?Ydip(Aa)ppm(V0)103 Hz(r3)A3
(11)

Quantum chemistry calculatiot¥¢end to show that the principal
shielding axis is perpendicular to theH direction while the
H—H distance is 2.43 A. Taking\o as 26 ppni? we obtain
ocsad~ 0.3 R] g at 400 MHz andocsaa ~ 0.06 Rf 4, at 90
MHz.

Experimental data, representedIifty, have tentatively been
exploited according to egs 9 recast as

I(t) = 15J2 + v/2a, exp@yt) + /23, exp@,]  (12)

If the whole evolution was available, all unknowns implied in

eqs 9 (i.e.,lg'q, K, R}, R, or aIternativerR’fydip, andocsa g

relied on the above approximate relationships betwagi q
and R’f,dip. The following values were obtained at 400 MHz:

K = —286,0csaa= 0.0075 s, R} = 0.0625 s, andR]' 4, =

0.025 s1. Experimental data are seen to be in agreement with
the present theory (see Figure 1). Moreover, the parameters so
obtained appear reasonable and consistent (as exp&aigtch

can be recalled to reflect the initial polarization, is found to be
negative whilescsa qis found to be positive). This consistency
has been further checked with the 90 MHz data; however, due
to less reliability of these data, this was done without fitting
but in verifying visually that the following set of parameters
agrees with the experimental results (in particular, we chose a
ocsadVvalue about four times smaller than the one found at 400
MHz): K = —2000,0csaq= 0.0002 s1, R} = 0.06 s, and

R’f’dip = 0.035 s It can be observed that similar values are
obtained 1‘orR’i"dip which yields a correlation time of-68 ps.

At least the order of magnitude seems correct owing to the
underlying assumptions: isotropic reorientation and -aH
distance equal to 2.43 A.

This study indicates that nuclear spin polarization arising from
para-hydrogen can be converted into longitudinal magnetization
by a relaxation process. By contrast with recent experiments
dealing with dipolar cross-relaxation as a means of transfer from
laser-polarized xenof?, we invoke here a process based on
cross-correlation between two different relaxation mecha-
nisms: dipolar interaction and chemical shift anisotropy. It can
be further noted that this interference mechanism has been until
now neglected in relaxation studies of hydride ligands in spite
of the fact that many investigations on hydride derivatives have
been carried out at high magnetic fields.
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