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Abstract: The reactivity of diphenylgermylene (Ph,Ge) with several classes of germylene scavengers has
been studied in hexane solution at 23 °C by laser flash photolysis of 3,4-dimethyl-1,1-diphenyl-1-
germacyclopent-3-ene (l1a), a clean and highly efficient precursor to the germylene and its dimer,
tetraphenyldigermene (2a). The reactions studied include M—H insertion reactions with Group 14 hydrides
(M = Si, Ge, Sn), halogen atom abstractions from bromo- and chlorocarbons, Lewis acid—base complexation
with 1°, 2°, and 3° aliphatic amines, and reaction with an aliphatic alkene, alkyne and diene, and oxygen.
Absolute rate constants for (irreversible) scavenging of the germylene could be obtained by direct
measurement of the germylene decay kinetics for all but the least efficient scavengers (triethylsilane, oxygen,
chloroform, and 1-bromopentane), for which estimates of the rate constants were obtained by Stern—
Volmer analysis of the reduction in digermene yield as a function of scavenger concentration. Distinctly
different kinetic behavior is observed for scavenging of Ph,Ge by isoprene, 4,4-dimethyl-1-pentene, and
triethylamine; in these cases, the results suggest that reaction is rapid (ko = 3—6 x 10° M~!s™1) but reversible
(Keq = 2500 — ca. 20,000 M~1) over the range of scavenger concentrations studied. The reactions with the
C—C unsaturated compounds proceed via the intermediacy of long-lived transient species absorbing at
<290 nm, which are tentatively assigned to the corresponding three-membered germanocycles on the
basis of their UV spectra and lifetimes. Upper limits for the absolute rate constants for reaction of
tetraphenyldigermene (2a) toward many of these reagents are also reported.

Introduction to the corresponding ¥M doubly bonded species (disilenes
or digermenes), XH insertion reactions with hydroxylated or
&minated substrates and Group 14 (Si and Ge) hydrides, addition
to C—C and C-X multiple bonds, halogen-atom abstraction or
carbon-halogen insertion, ef¢.> They are potent electrophiles,
forming Lewis acid-base complexes with ethers, amines,
phosphines, and sulfides. Such complexation is known to
mediate their reactivities by suppressing dimerization and further
oligomerization, which usually leads ultimately to complex
mixtures of products.

Despite the existence of a wealth of information on the
synthetic and preparative aspects of their chemistry, relatively
little is known of the kinetics and mechanisms of the reactions
of simple germylenes in solutidhand what is known has for
(1) Weidenbruch, MCoord. Chem. Re 1994 130, 275. the most part been obtained through competition kinetic methods
(2) Gaspar, P. P.; West, R. Silylenes; The Chemistry of Organic Silicon  and/or product studies. The largest body of kinetic data exists

$3Fk'f’ggggﬁ%‘f_pgfgg’2&&;@5;'&9‘ ¥, Eds. John Wiley and Sons: New ¢, the parent molecule (e), which has been studied in the

(3) Tokitoh, N.; Okazaki, RCoord. Chem. Re 200Q 210, 251. gas phase by laser flash photolysis metHbodsDetailed kinetic
(4) Satge, J.; Massol, M.; Riviere, B. Organomet. Cheni973 56, 1.
(5) Neumann, W. PChem. Re. 1991, 91, 311.
(6) Barrau, J.; Rima, GCoord. Chem. Re 1998 180, 593. (10) Becerra, R.; Boganov, S. E.; Egorov, M. P.; Nefedov, O. M.; Walsh, R.
(7) Weidenbruch, MEur. J. Inorg. Chem1999 1999 373. Chem. Phys. Lett1996 260, 433.
(8) Boganov, S. E.; Egorov, M. P.; Faustov, V. I|.; Nefedov, O. M.Time (11) Becerra, R.; Boganov, S. E.; Egorov, M. P.; Faustov, V. |.; Nefedov, O.
Chemistry of Organic Germanium, Tin and Lead CompouR@ppoport, M.; Walsh, R.J. Am. Chem. S0d.998 120, 12657.
Z., ed. John Wiley and Sons: New York, 2002; Vol. 2, pp 7&39. ) Becerra, R.; Walsh, RRhys. Chem. Chem. Phyk999 1, 5301.
)
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There has been considerable interest over the last few decades
in the chemistry of the heavy Group 14 analogues of carbenes
(silylenes!=2 germylenes;® and stannylené$’°) and a
great deal is now known of their rich reactivities. Much of this
knowledge has evolved relatively recently, from the study of
isolable derivatives bearing sterically or electronically stabilizing
substituents at the Mcenter. Early work focused on the
chemistry of simpler, transient derivatives, generated by ther-
molysis or photolysis of appropriate precursofsSilylenes and
germylenes, which have been most extensively studied, exhibit
marked similarities in their chemistries and to the chemistry of
singlet carbenes. Their typical reactions include dimerization

(12
(9) Boganov, S. E.; Egorov, M. P.; Faustov, V. I.; Krylova, I. V.; Nefedov, O.  (13) Becerra, R.; Boganov, S. E.; Egorov, M. P.; Faustov, V. |.; Nefedov, O.
M.; Becerra, R.; Walsh, R. Gas-phase kinetic and theoretical studies of M.; Walsh, R.Can. J. Chem200Q 78, 1428.
germylene and stannylene reactions. Russ. Chem.R@§ in press. We (14) Becerra, R.; Boganov, S. E.; Egorov, M. P.; Faustov, V. I.; Nefedov, O.
thank R. Walsh for an advance copy of the manuscript. M.; Walsh, R.Phys. Chem. Chem. Phy2001, 3, 184.
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studies-often interpreted mechanistically with the aid of high
level theoretical calculatiorshave been reported for its reac-
tions with a wide variety of substrates, including ethyférié
and other simple alkené8}5acetyleng?19211 3-butadiené?
hydridosilaned%12141%nd -germane¥,1*1° water and metha-
nol2° dimethyl ether® and oxygeri? Reliable gas-phase kinetic
data have also been reported for /e, though much less of the reactions of the two diarylgermylenes wittutylamine
extensively than for the parent molecdi¥.?3 (BuNHy) and acetic acid (AcOH), both potent germylene
On the other hand, relatively few absolute rate constants haveScavengers.
been determined for dialkyl- and diarylgermylenes in solution.
In the case of MgGe, for example, the list is limited to those re
1

corresponding germylenes and their=8ge doubly bonded
dimers @) to be detected and characterized by laser flash
photolysis in hexane solution. The transient assignments were
corroborated by time-dependent DFT calculations of the UV
absorption spectra of the three germylenes and the corresponding
digermene dimers, and by preliminary studies of the kinetics

for reaction with aliphatic dienes, carbon tetrachloride, trieth-
ylsilane, and oxygen, and the level of agreement between the

hv
R, —» I+ RG] (1)
CeHis
DMB lXZ

various studies is relatively poét.28 This is true of not just a. R=CgH, N
the kinetics, but also of the basic spectroscopic properties of b. R =Mes (2,4,6-Me,;CsH,) [RZGe_GeRz]
c. R=Me

the species, which has been reported to exhibit UV absorption 2

maxima ranging from 320 to 490 nm depending on the ) )
precurso Much better success has been obtained with di- In this paper, we describe the results of an exploratory laser

mesitylgermylene (Me§e), for which there is very good flash photolysis study of the reactivity of e with a variety

agreement on the UV/vis spectrum measured by different groups®f representative germylene scavengers, and report absolute rate
from at least four different precursors, both in solution and in constants for its reaction with aliphatic amines, halocarbons,

hydrocarbon matrixes at low temperatuf&s’? Nevertheless,
the list of reactions that have been studied is still quite limifed.

Recently, we reported the results of a study of the photo-
chemistry of two “new?®? diarylgermylene precursordd and
1b) in hexane solution by steady state and laser flash photolysis
methods (equation . Trapping experiments with a number
of different germylene scavengers showed that photolysis of
these molecules proceeds extremely cleanly, producing 2,3-
dimethyl-1,3-butadiene (DMB) and the expected trapping
products of PpGe and Megse, respectively, as the only
detectable products even at quite high conversions of substrate
The photochemistry is also remarkably efficient;,8h is
formed with a quantum yield® = 0.62 upon irradiation ola
in deoxygenated methanolic hexane solution with 254 nm #ht.
The photolysis of these compounds, as well as the tetramethyl
derivative (¢), is sufficiently clean and efficient for the
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319 529.
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Walsh, R.Chem. Phys. Lett1996 250, 111.
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2772
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(26) Mochida, K.; Kimijima, K.; Chiba, HOrganometallics1994 13, 404.
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(28) Mochida, K.; Tokura, SBull. Chem. Soc. Jpril992 65, 1642.
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(30) Ando, W.; Tsumuraya, T.; Sekiguchi, &hem. Lett1987 317.

(31) Toltl, N. P.; Leigh, W. J.; Kollegger, G. M.; Stibbs, W. G.; Baines, K. M.
Organometallics1996 15, 3732.

(32) Leigh, W. J.; Harrington, C. R.; Vargas-BacaJlAm. Chem. So2004
126, 16105.
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an aliphatic alkyne, diene and an alkene, oxygen, acetic acid,
and the Group 14 hydridess®H (M = Si, Ge, Sn; R= ethyl

or n-butyl) in hexane solution. The expected primary products
of these reactions, as established by earlier work aGER2

or other transient germylenés® are shown in Scheme 1; of

the scavengers selected for study (see Chart 1), only Bi¥NH
AcOH 32 Et;SiH 32 isoprene®?33 and CCl3* have yet been

specifically characterized with product studies in the case of
Ph.Ge. The others were selected for the purposes of comparison

to existing gas- and/or solution-phase kinetic data for the

reactions of other transient germylenes, either with them

Scheme 1

specifically (e.g., @H11Br,3! E:GeH}18 0,10-233) or with simpler
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Chart 1
n-BuNH, Et,NH Et,N AcOH
CHCI,  CCl, C,Cls  CHy(CH,),Br
Et,SiH Et,GeH n-Bu,SnH 0,
Me,CC=CH  MeC Y\
TBE DMP isoprene

(34) Mochida, K.; Yoneda, |.; Wakasa, M. Organomet. Cherml99Q 399,
53.
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Figure 1. Effects of added BsSnH on the transient absorptions due to (ajGhand (b)2a recorded at 500 and 440 nm, respectively.

. - Table 1. Absolute Rate (kg) and Stern—\Volmer Constants (Ksv)
analogues (e.g.,_th_e alk_yne an(_j the_ alk_ene)'_ orin the 'me'jes_’t Offor Reactions of Diphenylgermylene (Ph,Ge) in Dry, Deoxygenated
exploring the variations in reaction kinetics with structure within Hexane Solution at 23 + 1 °Ca

a given class of scavenger. Absolute rate constants for reaction reagent kg/10° 1510 Ko M-L¢
of the same r_eagents W|_th tetraphenyldlgerr_nm llave also PhGe 11000% 20000
been determined or estimated where possible. BuNH;, 10100+ 600¢ 14130+ 980
Et;NH 7290+ 900 10650+ 1200
Et:N 2800+ 900 1400+ 240
Results ACOH 3900+ 7004 7130+ 650
. . . ] CcCly 10.94+ 0.4 18.7+ 2.6
Laser flash photolysis experiments with were carried out C:Cls 41+0.1 10.3+ 0.4
in dry, deoxygenated hexane solution using & 7 mn? flow CHCl (0.20+ 0-0428 0.24+0.02
cell to continuously refresh the solutions between laser pulses, giH“Br ((42'51 gjse) 3?21 1'22
which were delivered by a KrF excimer laser (248 nm, ca. 25 EtsiH (0.56+ 0.09)° 0.67+ 0.05
ns, ca. 100 mJ) of the appropriate intensity to produce initial EtGeH 27.9+16 33325
transient concentrations on the order of- M. A BusSnH 3,490+ 90 5370+ 170
ansient conce Za ons o €o der o 25 H S HC=CCMe; (TBE) 51804+ 470 7500+ 600
previously reported laser photolysis ofaresults in the prompt H,C=CHC(Me)=CH, (isoprene) ~ 550& 1200 1970+ 150
formation of PAGe (max = 500 NM;emax = 1650 Mlcm1), H2C=CHCH,CMe; (DMP) 42004 200 1500+ 450

whose decay occurs over several microseconds and follows
second-order kinetics, concomitantly with the growth of absorp- Er
tions due to tetraphenyldigermerZaf Amax = 440 nm), which
then decays over ca. 5@s with predominant second order
kinetics. Transient absorptions recorded at 500 nm are mainly
due to PhGe, superimposed on tail absorptions du&o
Addition of most of the reagents of Chart 1 resulted in
reductions in the maximum intensity of the signals due to the
digermene (AAsi0max Measured at the peak of the 440 nm
growth/decay profile), shortening of the digermene growth time, Analogous behavior was observed for all of the scavengers
and acceleration of the germylene decay, each to an extent thastudied in this work except for the alkene (DMP), isoprene, and
increased with the concentration of added reagent. The ger-EtzN, as discussed below. In most cases, the reagent also had
mylene decays (measured at 5B0 nm) fit acceptably to  the effect of accelerating the decay of the signal dugetover
clean pseudo-first-order kinetics once sufficient reagent was the reagent concentrations where it could be detected, consistent
added to reduce the maximum signal intensity due to the with reaction of the trapping agent with the digermene as well.
digermene to less than ca. 30% of its value in pure hexane Absolute rate constants for reaction of,Ble with these
solution. Figure 1 shows examples of typical behavior of the reagents (Table 1) were determined from plots of the pseudo-
transient absorptions due to J&e (at 500 nm) an@a (at 440 first-order rate constants for germylene decdgedy VS
nm), recorded for solutions containing £8nH over the 6-0.5 concentration according to eq 2, whéggs the (hypothetical)
mM concentration range. It should be noted that in the presencepseudo-first-order rate constant for germylene decay in the
of 0.5 mM of this scavenger, the maximum intensity of the absence of added scavenger (Q), kb the bimolecular rate
digermene signal is reduced to ca. 25% of its value in pure constant for the reaction. PlotsktcayVvs [Q] exhibited excellent
hexane solution, and it remains detectable in the 500 nm linearity in every case, as illustrated in Figure 2a for quenching
(germylene) decay trace as a slowly decaying residual absorptionof PhGe by EtNH and BySnH. These data were obtained over
(see Figure la). The germylene signal decays cleanly to thethe “high” concentration range where sufficient scavenger was
pre-pulse level (within our detection limits) in traces recorded present to reduce the apparent yield?af(as measured by its
for solutions containing 0.8 mM of the reagent or higher. maximumAA value at 440 nm) to<20% of its value in the

a8 Measured by laser flash photolysis of ca. 0.003 M solutiond af
rors are listed as-2¢ from least-squares analysis of data according to
egs 2 or 3P From plots of the pseudo-first-order decay rate consténis.j

of the germylene absorptions at 500 or 530 nm@#) vs [Q], at sufficiently
high concentrations of [Q] that the yield of digermene is less than 30% of
its value in the absence of the scavengéirom (Stern-Volmer) plots of
[(AAL9mad o [(AAsagmadiq Vs [Q] according to eq 3 From ref 32.

e Estimated from thésyv-value, usingksy andkq for EtsGeH quenching

as the standard.
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Figure 2. The effects of added BYH (O) and BuSnH @) on (a) the pseudo-first-order decay rate constant gSehmonitored at 530 nm, and (b) the

maximum transient absorbance due2m monitored at 440 nm (see eq 3). Note the difference in the concentration ranges over which the data in (a) and

(b) were recorded.

absence of Q (i.e>80% quenching), to ensure that the decay
of the germylene is dominated by reaction with the scavenger.

Kiecay= Ko 1 Kol Q] )

With some of the less reactive scavengersSIt, O, CHCL,

and GH;,Br), addition of the reagent resulted in decreases in
the maximum signal intensity of the digermene and significant
acceleration of the germylene decay, but digermene formation
could not be eliminated even at the highest concentrations of
reagent that could be added. This limit is defined either by the
solubility limit of the reagent in hexane solution or the onset of

appreciable screening of the excitation light by the scavenger
(which reduces the intensities of the observed signals). As a
result, the decay of the germylene followed mixed pseudo-first

400f +
I 1 /Q”Ei;(‘mﬂ ”‘B,'.JNHz é
300+ o7 /o‘ cel,
— L~ occ,
o 05T o 15 20 . § Et,NH
g % AcOH
200l
00 P OtBuc=cH
[ TPMP " OBu,SnH
100+ TEA'
0l EtsGeH. CCluCoCle .,
0 100 200 300 400
K. rel
'SV

and second-order kinetics at all scavenger concentrations thatrigure 3. Plot of kg® (= ko/keseer) Vs Ksv™® (= Ksy¥KsyF3eeH) for
could be studied (as revealed by decay traces recorded at 53Fcavenging of PiGe by the reagents listed in Table 1, with an expansion

nm), and thus absolute rate constants could not be determinecf

reliably by direct measurement in these cases.
Plots of the relative maximum intensities of the digermene

f the plot for the least reactive scavengers in the series shown in the Inset;
he dotted lines correspond to a slope of 1.0, or a perfect 1:1 correspondence.
The solid points are for the reversible scavengers (see text).

signals at 440 nm in the absence and presence of added Et;SiH, O,, CHCL, and GH11Br were thus estimated in this

[(AAsa0max,d(AAsagmax,d Were approximately linear in every
case, suggesting adherence to the conventional -Stéimer
relationship of eq 3, wherKsy is the Stera-Volmer constant.

Representative examples are shown in Figure 2b for quenching

by EtNH and BuSnH over the 60.2 and 6-0.8 mM
concentration ranges, respectively. The resultiGg-values
(corrected, when necessary, for screening of the excitation light

way. These values should be considered upper limits, possibly
in excess of the true values by as much as ca. 50%.

[(AAL19mad I [(AALImad o) = 1 F Ks[Q]

Both the good linearity exhibited by the Stersolmer plots
and the fact that the resultingsy-values correlate as well as

3)

by the added reagent, and all determined using roughly the samehey do withkg-values are intuitively reasonable, but we have

laser intensity) are listed in Table 1 along with the absolute
rate constants determined by direct monitoring of the germylene
decays. As can be seen from the data, the treri¢sinvalues
parallels that irkg for those scavengers for which both quantities
could be determined in all cases bugftisoprene, and DMP.
This is illustrated more clearly in Figure 3, which shows a plot
of relative Ksy and ko values for the germylene scavengers
reported in Table 1, calculated usings&eH as the standard
scavenger (i.e.Ksy/® = Ksy¥UKg/FBCeH kyel = Ko/kezgen-
Ignoring the points for BN, isoprene, and DMP for the
moment, the correlation for the other scavengers is clearly good

been unable to derive an expression &a] fiax d[28] max,ofrom

the relevant rate equation fa2a to help explain it. Our
difficulties arise from the fact that the reaction that is quenched
by added Q is a second-order process, and the product (i.e.,
2a) is reactive (with Q and/or itself) on the time scale of its
formation. Nevertheless, kinetic simulations verify th2] [ax d
[2&8]max,o does indeed vary linearly with [Q] over a range of
10°—10'°M~1s7tin kg, and indicate that an essentially perfect
1:1 correspondence betwela,/® and kg™ (see Figure 3) is
obtained so long as the rate constant for germylene scavenging
(ko) is more than ca. 10 times larger than that for scavenging

enough to allow those absolute rate constants which cannot beof the dimerization produck§??); a smaller difference between
measured directly to be estimated with reasonable precision fromthe reactivities of PiGe and2a toward a given reagent cause

the Stern-Volmer constants, using geH as the standard. The

its Ksy/®-value to increase relative k™, by as much as a

absolute rate constants reported in Table 1 for scavenging byfactor of ca. 2 whetig = ko?? (from ca. 1.1:1 whelkg = 10kg??)

J. AM. CHEM. SOC. = VOL. 127, NO. 14, 2005 5087
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Figure 4. Effects of added isoprene on the transient absorptions due to {&eRbkcorded at 500 nm and (B recorded at 440 nm. Data recorded with
isoprene concentrations of 0.6 and 2.0 mM were omitted for clarity.

so long as scavenging is irreversible (ileyk-o > ca. 20,000 decaying residual absorption which is due only partially to
M~1s71). In fact, all of the scavengers whose points lie to the digermene2a; furthermore, formation of the digermene could
right of the 1:1 correspondence line in Figure 3 are onky63 still be clearly detected at (higher) scavenger concentrations
times less reactive towa2h than PhGe, so their positions in ~ where the decay of the free germylene was too rapid to be
relation to the 1:1 line are more or less as expected. On theresolved with our system. For example, Figure 4 shows
other hand, reversible scavenging (ikg/k-o < ca. 20,000 representative growth/decay profiles recorded at 440 and 500
M~1s71) results in highly variable behavior, depending on the nm in the presence of various concentrations of isoprene over
specific details of the situation. The most dramatic effect occurs the 0.1-1.0 mM range. To correct for the underlying absorptions
when the dimerization product is relatively unreactive toward due to2a, growth/decay profiles were recorded at 440 nm on
the scavenger; in addition to other distinctive signs (vide infra), the same time scale for each isoprene concentration, and then
it results insmaller Key® values than would be predicted based subtracted from the 500 nm data after applying a scaling factor
on the value ofkg™®. Most importantly, the exercise justifies  of 0.15, which was determined to be the optimum value of the
the use of the relative SterfiVolmer constants to derive  relative extinction coefficients dfa at the two wavelengths in
estimates of the absolute rate constants for scavenging by theexperiments using Bl as scavenger (vide infra). Figure 5a
less reactive reagents studied in this work, provided their shows the 500 nm data of Figure 4a after scaled subtraction.
reactions are irreversible, and indicates that we can do so withPseudo-first order decay rate constants for the initial rapidly
a level of precision that is not significantly less than that defined decaying portions of the 0-:32.0 mM data were then estimated
by the experimental errors ikkgen and Ksy /K s, F3GeH by nonlinear least-squares fitting to single exponential decays
With the primary and secondary amines (BuN&hd Eb- (treating the residual absorptions as the “infinity” levels), and
NH) and the alkyne (TBE), the behavior described above was are shown plotted against isoprene concentration in Figure 5b;
accompanied by the formation of new transient absorptions atthe slope of the plot is the approximate value of the rate constant
270-330 nm, whose intensities increased with increasing for scavenging of PiGe by the dienekq = (5.5+ 1.2) x 1¢°
reagent concentration until they became the only speciesM~1s™1. The Figure also includes the Sterolmer plot
detectable once the concentration reached moderate (ca. 2 mMpbtained from the maximum digermene transient absorbances
levels. With the amines, the new absorptions exhikitx = over the 6-2.0 mM range in isoprene concentration. Similar
310 and 320 nm for BuNKHand EtNH, respectively, grow in results (in every respect) were observed in the presence-of 0.1
with similar kinetics to the decay of the germylene under the 2.0 mM concentrations of DMP, and are reported in detail in
same conditions, and then decay over several hundred microthe Supporting Information.
seconds with mixed-order kinetics. The species formed in the  The behavior observed in the presence gNEtas somewhat
presence of TBE exhibitdna.x = 275 nm and decays with a  different from that observed with isoprene and DMP, but still
lifetime 7 ~ 0.5 s. The spectra of these transient products are distinctly different from that exhibited by the other scavengers.

included in the Supporting Information. First, the position of the maximum in the growth/decay curve
As mentioned earlier, the behavior observed upon addition with respect to the laser pulse did not change appreciably with
of EtzN, isoprene, and DMP to solutions @& was different increasing scavenger concentration; this is most likely due to

from that observed with the other scavengers; one aspect ofthe fact that the decay rate of the digermene was accelerated
this is evident in the plot oKs\® vs ko' of Figure 3, where slightly in the presence of increasing concentrations of the
the points for these scavengers lie to the left of the 1:1 amine. Second, correction of the 500 nm decay data as before
correspondence line while the others lie consistently to the right (i.e., by subtraction of 15% of the intensity of corresponding
of it. Addition of these three reagents in concentrations 0of3.1  traces recorded at 440 nm) yielded traces that decay with
mM caused acceleration of the germylene decay as before, butapproximate first order kinetics completely to the pre-pulse level,
this was accompanied bylangtheningof the growth time of and which show no hint of the long-lived residual absorptions
the digermene signal and much less efficient quenching of its that are present in the cases of isoprene and DMP. Absolute
maximum vyield. As a result, decays recorded at 500 nm rate constants were obtained from linear least-squares analysis
exhibited an initial fast component superimposed on a slowly of the plots ofkyecay VS [Q] and are listed in Table 1, along

5088 J. AM. CHEM. SOC. = VOL. 127, NO. 14, 2005



Organogermanium Reactive Intermediates ARTICLES

L b

L L] kdecay
I 12} J12
0.010 . O AAgg,0/M40,0
L - (|30 410 &=
-m : g
= wc; [ -
Sg = 8 -8 5
0.005 3 6f 16 f
3 & L E=]
af Ja.| =
L 2: 12
0.000 i
O L " L i 1 L L L L 1 i
0.000 0.001 0.002
Time (us) [isoprene] / M

Figure 5. (a) Corrected germylene decay traces in the presence of isoprene, obtained by subtracting 15% of the intensities of the digermene signals at 440
nm (recorded on the same time scale) from the traces of Figure 4a; the solid lines represent the best nonlinear least-squares fit of the data to a single-
exponential decay. (b) Plots @fA440,d AAaao,q Vs [isoprene] [{d; from the data of Figure 4b) andecayVvs [isoprene] @), where thekgecayvalues are those

obtained from the fits of the data of (a).

with the corresponding<sy values obtained from plots of 0.07¢

(AA440)max,d(AA440)max,Q Vs [Q] 0.06F Kocay = (20£0.1)x 103"
Addition of these three reagents also resulted in the appear-

ance of new transient absorptions at shorter wavelengths. In 0.05F

the case of BN, the new transient exhibitethhax ~ 330 nm

TV -. o R
1000 2000
Time (us)

and appeared as a shoulder on very strong transient absorptions < 004
(Amax < 290 nm;7 ~ 2 us) due to competing photolysis of the <

amine. Nevertheless, measurements at 350 nm over the 0.3 0.03¢
1.0 mM concentration range revealed that the species grows in 0.02F
over the same time scale as,Ble decays; a plot of the growth
rates vs [E4N] was linear with a slope of (& 1) x 1° M~1s72, 0.0tk =0=3235ps
in satisfactory agreement with the rate constant determined from —o—1600-1800 ps
the germylene decays. The species decays with mixed-order 0.00 9 000-0-0 Yo el il a0
300 350 400 450 500

kinetics and an approximate lifetime of 106, which appeared
to decrease slightly with increasing amine concentration over
the 0.3-2.0 mM range. Unfortunately, screening of the excita-

Wavelength (nm)
Figure 6. Transient absorption spectra from laser flash photolysis of a
X ; ] i : deoxygenated solution dfin hexane containing 15 mM isoprene, recorded
tion light by the amine precluded experiments at higher 3.2-3.5us and 1.6-1.8 ms after the pulse. The insert shows a decay trace
concentrations. recorded at 290 nm in the presence of 50 mM isoprene.

In the presence of 0:33 mM concentrations of isoprene and  but this is useful because the lower transient concentration
DMP, the new species appeared simply as intensified transientresults in clean first-order decay kinetics. Analogous behavior
absorptions in the 276290 nm range. Continued addition of was observed in the presence of )0 mM DMP, but in this
up to 50mM of these reagents resulted in complete quenchingcase the new transient exhibitégay = 275 nm and a lifetime

of the germylene signal, further reductions in the yield2ef of r = 1.2+ 0.1 ms in the presence of 100 mM alkene. The
and the eventual emergence of a single transient speciesspectrum and a representative decay trace for this species are
absorbing afmax = 285 nm in the case of isoprene ahighx = included as Supporting Information.

275 nm in the case of the alkene. These new absorptions Reactivity of Tetraphenyldigermene (2a). Most of the
replaced the complex collection of absorptions that is observed germylene scavengers studied in this work also caused discern-
in this range at low (or zeré) scavenger concentrations, whose ible increases in the decay rate of digermé@ae within the
presence made it impossible to resolve a growth of the new concentration range where a signal for the digermene could be
species at lower concentrations. Figure 6 shows the transientdetected; the exceptions are&it, CHCk, and GH11Br. The
absorption spectrum recorded fraba in the presence of 15  amines BuNH and EsNH react by far the fastest, exhibiting
mM isoprene, which corresponds to the highest concentration absolute rate constants that are only a factor-e8 ower than
at which a signal due t@a at 440 nm could be detected; the those for reaction with PfBe; in these cases absolute rate
lifetime of the latter wag ~ 275 us under these conditions, constants for reaction with the digermene could be obtained
allowing an estimate ok ~ 2.4 x 10° M~1s™! for the rate  from the decay data at several concentrations of amine, as we
constant for reaction oRa with the diene. The figure also  reported previously for reaction with BuNFP? In most other
includes a representative decay trace for the new species at &ases, absolute rate constants could only be estimated from the
diene concentration of 50 mM, where the decay follows clean digermene decays at the highest scavenger concentrations
first- order kinetics and exhibits a lifetime= 500 £ 10 us. investigated, since the decays generally do not fit to perfect
The strength of the signal (and thus the concentration of the first-order kinetics at lower concentrations where oligomeriza-
absorbing species) is significantly reduced at this concentrationtion of the digermene competes with reaction with the scavenger.
due to substantial screening of the excitation light by the diene, The data are collected in Table 2. The values reported for

J. AM. CHEM. SOC. = VOL. 127, NO. 14, 2005 5089



ARTICLES Leigh and Harrington

;ab/eZh- Alt:jsolute Rat?ZC;JnS_tﬁn\t/S for Resction of would be formed in either a single-step concerted reaction (eq
etraphenyldigermene (2a) witl arious Reagents in _ - : _
Deoxygenated Hexane Solution at 23 + 1 °Ca _4a) or a_two _step _reactlon (eq 4b, where _I is a steady-state
intermediate) in which the second step is unimolecular and fast
compared to reversion of | to the free reactants. The hallmarks

reagent  ko®/10°M~Is™!  reagent  k?10°M~s7!  reagent  ko®/10°M7is7t

BUNH, 3640 380> CCly 20+£02 TBE  =20£2 of irreversible reaction appear in both the germylene decay and
ELNH 24004400 GCls  1.2£01 DMP  =51+0.3 di wth/d files. illustration of which is sh

EtN <1042  EtGeH 56+16 isoprene < 03401 digermene gro ecay profiles, illustration of which is shown
AcOH =<20+3P BusSnH 410+200 O 4.84+0.8 in Figure 1 for scavenging by B8nH, a typical irreversible

scavenger. Decay of the germylene follows mixed pseudo-first

“Measured by laser flash photolysis of ca. 0.003 M solutiond@f ~ and second-order kinetics at low [Q] due to competitive
Those reported as upper limits were determined from the digermene decay,

kinetics at the highest scavenger concentration employed, while the othersformation of digermene, but evolves into pure pseudo-first order
were determined from plots of the digermene pseudo-first-order decay ratekinetics as [Q] is increased to the point where dimerization is

ggnstants Vs scavenger concentration. Errors are listetPas® From ref more or less completely suppressed. This behavior is ac-
’ companied by a decrease in the growth time of the digermene
and hence a shift of its concentration maximum to shorter times
after the laser pulse, which occurs because dimerization
dominates the early part of the germylene decay where the
concentration of the species is highest; formation of the
digermene effectively stops once the concentration of free
germylene is reduced to the point where pseudo-first-order
than the reaction cc with 1-hexyne®s To our knowledge, the reaction with t.he scavenger takes over. A Iengthening. of the
reactions of digermenes with hydridogermanes and _stannanedecay of the dlg_ermene is also expe_cted provided that it reacts
has not been studied previously; our results indicate substantiaf@ /€ast ca. 10 times more slowly with the scavenger than the

reactivity, with the rate constant for reaction with the stannane 9ermylene does; this is because in the absence of a reactive
exceeding that for the germane by a factor of ca. 100. Little SC@venger, the decay of the digermene proceeds with second-

mechanistic insight can be gleaned from the data at this pointOrOIer kinetics (due presumably to dimerization) and is hence

in time, as many of these reactions have not been widely studiegdependent on the maximum concentration produced.
and product studies are impractical without a source of the

scavenging oRaby CCl,and Q are ca. 6 and 400 times slower,
respectively, than those reported by Mochida and co-workers
for tetramethyldigermene2(€), while that for scavenging by
isoprene is similar to that reported for tAe/DMB systems3®

In contrast, the alkyne (TBE) reacts wiffa at an upper limit

of k ~ 2 x 10/ M~1s71, roughly 3 orders of magnitude faster

digermene that does not require dimerization of the significantly PhGe+ Q— product (42)

more reactive germylene. We thus defer more substantive fast

comment on these data to a later publication. PhGe+ Q=1 — product (4b)
Steady-State Trapping Experiments with C-C Unsatur- . . .

ated Compounds and BgSnH. Steady-state photolysis experi- Much different behavior can be expected when the reversibly

ments were carried out with deoxygenated solutionslaf formed intermediate (1) of eq 4b is relatively long-lived, and
(0.01-0.05 M) in GsD1, or hexane containing TBE, DMP or builds up in appreciable concentration on the time scale of the

BusSnH (0.01-0.05 M), irradiating the solutions with low- ~ €XPeriment (eq 5). In this situation, dimerization takes place in
pressure mercury lamps (254 nm) and monitoring the photolysestWO stages: an early stage that competes with the equilibration

over the 6-40% conversion range by NMR spectroscopy. of the free germylene with Q to form the intermediate, and a
The photolyses in the presence of the alkene angSBH slower one that involves dimerization of residual free germylene

resulted only in the formation of polymeric material; in both &fter equilibration is complete. As a result, the germylene decay
cases, DMB could be detected in low steady state concentrationsShOWS an initial rapid component that reflects competing
at conversions less than ca. 10%, but disappeared u|oondlmenzatlon and pseudo-first-order approach to equilibrium with
continued photolysis as broad absorptions in the aromatic and!» @nd & much slower-decaying re5|dua-\l absorption due to
aliphatic regions of the NMR spectra grew in. On the other hand, dimerization over the longer time scale; the amount of the
the photolysis in the presence of TBE resulted in the formation "eSidual absorption decreases and the initial decay accelerates
of DMB with similar efficiency to that observed previously with S the concentration of Q is increased. In addition, the growth
other scavengeféand at least two other (as yet unidentified) Ume of the digermene absorptitengthensas [Q] is increased.
products whose relative yields changed continuously with The maximum digermene concentration decreases with increas-
photolysis time. It can thus be concluded that while trapping of N9 [Ql, but the SterrVolmer constantKsy) will be smaller
PhGe by the alkyne proceeds efficiently, the reaction affords than whatwould be expected based on the valle eStimated

a product that is sensitive to further thermal and/or photochemi- rom the germylene decays. The behavior observed of the
cal reaction. digermene signals in the presence of\Etisoprene (Figures 5

and 6), and DMP are consistent with this situation.
Discussion

The kinetic behavior observed with most of the scavengers PhGe+ Q% | Lo product (5)
studied in this work (all but isoprene, DMP, and&Y} is broadly e
consistent withirre versiblereaction of the germylene with the
scavenger to form a product that is indefinitely stable or at least
relatively long-lived on the time scale of the experiment, as

It should be stressed that the behavior of the digermene
absorbance vs time profiles described above for the situation
of eq 5 represents a limiting situation in which the equilibrium
(35) Mochida, K.. Kayamori, T.. Wakasa, M.: Hayashi, H.. Egorov, M. P. const_ant for the_format|on of | is less than ca. 20 000'Nnd _

Organometallic200Q 19, 3379. the digermene is at least an order of magnitude less reactive
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than the germylene toward the scavenger. In fact, the latter
condition is met by only a few of the scavengers studied in the
present work, most notably isoprene, DMP, angNEtAll of

the others appear to react wigta on the order of only 310
times more slowly than with BGe. Between this, the fact that
the signals are relatively weak, and the significant degree of

The spectra of these species (see Supporting Information) are
similar to those reported by Ando and co-workers fos@&din
3-methylpentane matrixes containing quinuclidine at 77K
= 334 nm)?*38The reactions of BuNHand EsNH with Ph-
Ge appear to be effectively irreversible, based on the qualitative
indications afforded by the germylene and digermene transient

spectral overlap between the germylene and digermene absorpabsorption profiles, which are similar to those shown in Figure
tions, a considerable degree of caution is advisable in interpret-1 for scavenging by BisnH. As noted above, however, the

ing the qualitative features of the digermene growth/decay
profiles as indicative of irreversible reaction of the germylene,
particularly for those scavengers that react relatively rapidly with
2a(such as BuNbland EtNH in particular). The only scavenger
that we can definitively classify as truly “irreversible” on the
basis of its effects on the germylene decay and digermene
growth/decay profiles is AcOH, which reacts willa at least
200 times more slowly than with PGe32 With the exception
of the amines, isoprene and DMP, the most definitive statement
that we can make for the others is that the equilibrium constant
for the primary scavenging reaction is in excess of ca. 20 000
ML

Lewis Acid—Base Complexation with £, 2°, and 3
Amines. The overall course of the reactions of J&e with
BuNH, and EtNH is not completely understood; product studies
with BuNH; indicate that it yields mainly oligo- or polymeric
material, accompanied by extremely small amounts of a product
tentatively assignable to the simple-Nl insertion product on
the basis of NMR evidenc® While N—H insertion reactions
with amines have not been widely documented, to our knowl-
edge>3-37the complexation of reactive germylenes withtiary
amines and other Lewis bases is well-know#f3841 and has
been shown to be synthetically useful for its ability to suppress
oligomerization processes and allow preparative reactions
involving transient germylenes (e.g., M&e**41) to proceed
relatively cleanly. More recently, several examples of isolable
germylenes stabilized by intramolecular coordination to a remote
amine functionality have been report€d3 The present paper
represents the first instance in which the kinetic details of the

primary association process have been examined directly for a

transient germylene derivative.

The results indicate that the reactions op®& with BUNH
and EtNH proceed at close to the diffusion controlled rate, and
thus show only small variations in rate with the degree and type
of alkyl-substitution on the amine. Similarly, the nearly identical
rate constants for reaction of BuNhvith Mes,Ge and Pk
Ge*indicates there to be little dependence on electronic or steric
substituent effects in the germylene, at least with primary
amines. With P§Ge, the observation of new transient absorp-
tions below 350 nm, that increase in intensity with increasing
amine concentration and are formed in concert with decay of
the germylene, lead us to conclude that the primary products
of the reactions are the Lewis aeibase complexe8 (eq 6).

(36) Klein, B.; Neumann, W. P.; Weisbeck, M. P.; Wienken,JSOrganomet.
Chem.1993 446, 149.

(37) Su, M.-D.; Chu, S.-YJ. Phys. Chem. A999 103 11011.

(38) Ando, W.; Itoh, H.; Tsumuraya, T.; Yoshida, Brganometallics1988 7,
1880.

(39) Riviere, P.; Satge, J.; Castel, 8. R. Acad. Sci. Parig975 281, 835.

(40) Riviere, P.; Castel, A.; Satge, J. Organomet. Chenl982 232, 123.

(41) Barrau, J.; Bouchaut, M.; Lavayssiere, H.; Dousse, G.; Satgd, J.
Organomet. Chenil983 243 281.

(42) Mazieres, S.; Gornitzka, H.; Couret, Bolyhedron2002 21, 2827.

(43) Zemlyansky, N. N.; Borisova, I. V.; Kuznetsova, M. G.; Khrustalev, V.
N.; Ustynyuk, Y. A.; Nechaev, M. S.; Lunin, V. V.; Barrau, J.; Rima, G.
Organometallics2003 22, 1675.

secondary reactions &a with these two amines are only a
factor of 2-3 times slower than with Bi&e, which could very
well mask the effects of reversibility on the growth/decay
kinetics of the digermene. Nevertheless, the fact that the
germylene decays with clean first-order kinetics completely to
the pre-pulse level at sub-millimolar amine concentrations
indicates that the equilibrium constant must be in excess of ca.
2 x 10* M1, which is the approximate upper limit at which
we would be able to detect the effects of reversibility on the
germylene decay profiles. The tertiary amineskgt on the other
hand, is more than 200 times less reactive v@ghthan with
Ph.Ge, and hence the behavior of the digermene signals in the
presence of this reagent exhibits the distinctive signs of
reversible scavenging of the germylene. FurthermoreKge
value is significantly lower than would be expected from the
value of ko, resulting from the fact that formation of the
digermene persists even at high enough amine concentrations
to reduce the concentration of free germylene to undetectable
levels. The behavior of the germylene absorptions indicates that
the equilibrium constant for complexation with the tertiary amine
is still in excess of ca. 2 10* M1, and hence greater than we
can measure by the present methods. In the presence of up to
ca. 2 mM EgN, the highest concentration that can be employed
in our experiments due to complications from short-wavelength
transients that originate from photolysis of the amine, the
complex is quite long-lived«(~ 100 us) but is certainly not
indefinitely stable.

- 4+
Ph,Ge + RRR'N —2Z& [ thGe-NRR'R"] (6)
3
a.R=nBu;R'=R"=H
b.R=R'=EtR"=H
c.R=R'=R"=Et

The observation of these species as discrete, long-lived
intermediates in the reaction of ®e with the primary and
secondary amines indicates that unimolecular [1,2]-H migration
within the complex, to yield the formal NH insertion product,
is relatively slow. Indeed, the complexes formed between Ph
Ge and EfNH and BuNH decay with goodsecond-order
kinetics in the presence of sub-millimolar concentrations of
amine and exhibit lifetimes in excess of.c80 us, which
indicates that catalyzed decomposition involving a second
molecule of amine (for example, by initial deprotonation) is
relatively slow as well, at least at millimolar concentrations of
free amine and below. Because competing light absorption at
248 nm by the amines precludes experiments at higher
concentrations, we cannot comment more precisely on the likely
true mode of decay of these species that would apply at high
amine concentrations; at the low concentrations that our
experiments are limited to, it may well be that the decay is
dominated by dimerization of the free germylene, present at
very low concentrations in equilibrium with the complexes.
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Scavenging by Halocarbons and OxygerCCl, and Q have is also the major product of reaction of J&e with this
been used extensively as scavengers in previously reported timehalocarbor#?
resolved studies of germylenes in solutféri*47 This includes

PhGe, for which rate constants for scavenging by £@ry Me,Ge: + CCl, — [Me,(Cl)Gee «CCl;]  (7)
over the range 1:52.5 x 10° M~1s71,3446.473 factor of at least escape

10 higher than the value of 1.4 10’/ M~1s! reported in the CCI“l

present work. Our estimated rate constant for reaction with Me,GeCl, + *CCl,

oxygen Koz~ 3 x 10" M~1s™1) is also significantly lower than
reported values, which range from-3 x 108 M~1s™1 4445¢g
as high as 7x 10° M~1s7147 On the other hand, the present
rate constants for reaction oh@nd CC} with Ph,Ge are both While a general trend toward increasing efficiency with
ca. 4 times larger than the corresponding rate constants fordecreasing €X bond dissociation energy has been noted
reaction with MesGe2! whose assignment can be considered Previously in the trapping of M&e by halocarbon®it is clear

C,Cl

secure. Furthermore, a value &, = 4.5 x 1014 cn? that the precise course of the reaction varies with the halocarbon;
molecule’ s~1 has been reported for M&e in the gas phadé; for example, CIDNP effects are not observed in the reaction of
this corresponds to a solution phase value of2 707 M~1s1, Me,Ge with allyl and vinyl halides, which has led to the
which is similar to the value reported here forBe in solution. ~ Suggestion of a concerted mechanism in these ¢&$és.the

. . . case of PpGe, the rate constants for reaction with ¢Ql.1 x
The reaction of germylenes with,@s thought to yield the 107 M-1s1), C,Cl (4.1 x 10F M~151), CsHiBr (~4.2 x 10°

corresponding germanone (which goes on to react further; see’”" ™, ", it .
Scheme 15;*84%but the mechanistic details of the process have M™s™) and CHC} (~2 x 10° M~'s™) do not correlate with

evidently not been studied. The reaction is presumably analogoust he calculated €X bond dissaciation energies nor the (aqueous)

to that of silylenes, for which it is known that the initially formed one'-(e_lectron reduct_|on pgterltla(ljs of :hese compoéhﬂsrt?}er .
product is a dioxasilirane, formed presumably by collapse of work is necessary In order 1o develop a more comprenensive

the triplet 1,3-biradical resulting from addition of (triplet) oxygen plcrt:re Orfc}he mﬁ?h?”'sms of the reactions of germylenes with
to the silylene®-52t is interesting to note that the rate constants compounds ot this type.

reported here for RfGe and earlier for Me§&e ko2 = 7.3 x Ki Mt._H Inslfrtlfontﬁeacno?s W'tr} %ZUp.ti]A'EHgﬂldéséTze
10%)31 are quite similar to the value of 3:2 10’ M~1s1 reported INetic results for the reactions o with E&SIH, EbGeH,

by Conlin and co-workers for reaction of,@vith dimesityl- and BuSnH suggest that scavenging is in each case formally
silylene in cyclohexane at ambient temperatdfebyt are irreversible, proceeding with rate constants that correlate with

— 0,61 ~ ~ .
roughly 100 times slower than that for dimethylsilylene under M—H bond strength %" ksp ~ 120kgen ~ 6000 The rate
similar conditions* constant estimated in the present work for reaction giGeh

) ) with EtsSiH (kg ~ 6 x 10° M~1s™1) corrects the 100-fold lower
The reacthn of Qermy_'e”es W_'th halc_)carbon‘_s has been muc:hvalue reported earlier by other workéfsand is only ca. 5 times
more extensively investigated, in particular with e 5558

- higher than the corresponding rate constant for J@es! The
The products and CIDNP effects observed upon reaction ¢f Me present data for reaction of e with EtSiH and EsGeH can

Ge V\_’ith ben_zyl ha"_d??' C@'a”‘?' bromotr_ichloromgthane_ are  pe compared to the results of the gas-phase kinetic studies of
consistent with the initial formation of a singlet radical pair via  \y/;51sh and co-workers on Je, which show that the parent

Lormal halogden gtom abstracnoné).the' fat.e Ef which fvt<;:1r|es lmolecule reacts with germane (Garand EtGeH with rate
etween predominant cage recombination in the case of benzyl. <= ts 34 times greater than with silane (SjHand Me-

bromide and cage escape in the cases ofs@BU bromotri- gy (egpectivelyl121462Considering that the rate constant for
chioromethanét™tWith CCl,, for example, the major products o5 tion of HGe with E¢GeH is within a factor of 2 of the
are MeGeCh aGrg hexachloroethane, formed by the mechanism . jisional rate under the conditions studidhile the solution
shown in eq 7>*The analogous dichlorogermane ¢BeCt) phase rate constant for reaction o8k with the same reagent
: — is ca. 16 times slower than the diffusional limit, the relative
“4) g‘r’é‘;‘?‘%ﬂgt%hgﬁﬁggg sa1 Gy addock Wilking, J. K; Gaspar, B. P reqcitivities of the two species toward-8# and Ge-H bond
(45) Mochida, K.; Wakasa, M.; Nakadaira, Y.; Sakaguchi, Y.; Hayashi, H. insertion compare reasonably well. Unfortunately, for.8e

Organometallics1988 7, 1869. P 15 13
(46) Wakasa, M.; Yoneda, |.; Mochida, K. Organomet. Chen989 366, only upper limits of ca. 5X. 10~ anq ca. 4x 10°
. %Al. hida, K.: Wakasa, M.: Hayashi, Rhosph. Suf. Sil. Relat. Eletg99 cmPmolecule’’s™! (corresponding to solution phase values of
( )15%(:_1'5?: Dy casa, M., nayasht, HRosph. Sull. St Relat. = ca. 3x 1 and 2.4x 10° M~1s7%, respectively) could be
(48) Barrau, J.; Escudie, J.; SatgeChem. Re. 1990 90, 283. estimated for the gas-phase reactions withe®ld and Me-

(49) Tokitoh, N.; Kishikawa, K.; Okazaki, R.; Sasamori, T.; Nakata, N.; Takeda, . 262 ..

N. Polyhedron2003 21, 563. GeH, respectively362 These upper limits are nevertheless
(50) ffgsgz'% T.; Nagase, S.; Yabe, A.; Ando, W.Am. Chem. Sod 98§ consistent with the absolute rate constants reported here for
(51) Patyk, A.: Sander, W.: Gauss, J.; CremerABgew. Chem., Int. Ed. Engl. reaction of PbGe with E§SiH and EtGeH.

1989 28, 898. i G i i i
(52) Patyk, A.; Sander, W.; Gauss, J.; Cremerdbem. Ber199Q 123 89. The meCh,amsm ,Of, ,the I,nsertlon rgactlon has been
(53) Conlin, R. T.; Netto-Ferreira, J. C.; Zhang, S.; Scaiano, JO@ano- proposed to involve initial (reversible) formation of an H-bonded

metallics199Q 9, 1332. R
(54) Levin, G Das, P. K. Lee, C. IOrganometallics1988 7, 1231. complex between the germylene and the germane, consistent
(55) Kocher, J.; Lehnig, MOrganometallics1984 3, 937.

(56) Kocher, J.; Lehnig, M.; Neumann, W. ®rganometallics1988 7, 1201. (59) Totten, L. A.; Roberts, A. LCrit. Rev. Erwiron. Sci. Technol2001, 31,
(57) Kolesnikov, S. P.; Egorov, M. P.; Galminas, A. M.; Ezhova, M. B.; Nefedov, 175.

O. M.; Leshina, T. V.; Taraban, M. B.; Kruppa, A. |.; Maryasova, VJ.. (60) Jackson, R. AJ. Organomet. Chenl979 166, 17.

Organomet. Cheml99Q 391, C1. (61) Basch, Hlnorg. Chim. Actal996 252 265.

(58) Adachi, M.; Mochida, K.; Wakasa, M.; Hayashi, Main Group Metal (62) Becerra, R.; Boganov, S. E.; Egorov, M. P.; Nefedov, O. M.; Walsh, R.

Chemistry1999 22, 227. Mendelee Commun.1997 7, 87.
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with the fact that the reactions of both Geahd EGeH with Scheme 2

H,Ge exhibit negative activation energig$2Ab initio calcula- Me,Ge

tions suggest that bonding in the complex involves the empty | R
4p-orbital on the germylene with accompanying transfer of R—=—R' R S
negative charge to this sité83the reaction can thus be broadly ¢ ‘
viewed as beginning as a hydride transfer, the course of which oM oM GeMe

is interrupted by attack of the germylene lone pair on the second { /;\92} Le\ﬂ [ LH(ZR}
germanium to form the GeGe bond of the final (digermane) R R R

product in the rate-determining step (eq 6). A similar mechanism N

has been proposed for the reaction of@d with SiH,, again ‘ dimers or R /

on the basis of high level ab initio calculatiofsind the slightly oligomers N
smaller rate constant and less negative activation energy relative R—=FR Z>R /

to those for reaction with GefHexplained in terms of relative ¢ Y

M—H bond strengths. Interestingly, Mochida and co-workers ~GeMe, GeMe, GeMe,  GeMe,
reported a Hammej-value of+1.04 for the reaction of Me RMR é_;[ —
Ge with a series of aryldimethylsilanes in benzene solution at R R R R R

70°C, where relative rate constants were measured by competi-

tion method$* A mechanism involving a pentacoordinate, cmmoleculels® (~4.1 x 10° M~1s71) at 100 Torr?® The
zwitterionic intermediate (with negative charge at silicon) was parent molecule (bGe) exhibits substantially greater reactivity
proposed in explanation, but the results also appear to betoward acetylene, ethylene, and propene, for which the rate
consistent with the mechanism of eq 8, in which nucleophilic constants approach to within 6:8.7 of the collisional
attack by the germylene lone pair occurs in the rate determining limit.9.10.1516.19.21.23 he reactions of ke with acetylen®& and

step for reaction. ethylenét22.67.68have been explored in detail by high level
theoretical method®.In each case, the primary products of these
R. VMR, H reactions are thought to be the corresponding three-membered
.Ge: G+ rds | - . . . .
R == | ghid 198, R,Ge-MR, (8) ring compounds (germirene and germirane, respectively), which
H-MR, Ri?f are themselves highly reactive toward further unimolecular

rearrangement processes. The reactions ofGdewith CG-C
To our knowledge, there are no studies reported of the multiple bonds in solution has been extensively studie®f,”°

reactions of germylenes with tin hydrides, though examples exist @"d 1S @lso thought to proceed via the initial formation of the
of insertions into SAC85 and Sn-halogeiisebonds. The latter corresponding three-membered germanocycle, which is prone

are not true insertions, however, proceeding via a halogen atom-t0 further reaction with a second molecule of substrate (to yield

abstraction mechanism similar to that involved in the reaction five-mempered ring compoupds) qr bY dimerization (see Scheme
with halocarbons (vide supr&@j.Our preliminary attempts to 2). React|or_1 of MgGe with aliphatic d|er_1es cleanly affords the_
identify the primary product(s) of the reaction of fnH with corresponding germacyclopent-3-ene in the gas phase at high

PhGe have been so far unsuccessful; under the conditions ofl€MPeratures;“2but in solution at ca. 76C, the intermediate

our steady state photolysis experiments, only intractable poly- vinylgermiran.e undergoes _Competing a(_jdition. _of a second
meric material is formed. We thus cannot yet comment on the molecule of diené? The relatively low kinetic stability of these

course of the primary reaction in this case: the results are compounds is WeII-knoﬁwn, and only a few examples of sterically
; . . - . T
consistent with either concerted-SH insertion, the anticipated stabilized germirené 7 and germiran€ derivatives have been

product of which can be expected to possess pronounced€PO"€d: o . _

photolability®® or a nonconcerted pathway involving germani- The present results indicate th.at thg reacthn QG@leth

um- or tin-centered radicals. We see no evidence for the the alkyne (TBE) proceeds effectively irreversibly, while those

formation of such species by laser flash photolysis, however. With the alkene (DMP) and isoprene proceed reversibly under

Reaction with Alkenes, Alkynes, and Conjugated Dienes.  the conditions of our experiments. The indications of revers-

Our flash photolysis results indicate that,Ble reacts rapidly ~ ibility in the latter two reactions are quite distinctive, and appear

with the C—C unsaturated bonds tert-butylacetylene (TBE),  in the absorbance vs time profiles of both the germylene and

4,4-dimethyl-1-pentene (DMP), and isoprene, with absolute rate the digermene over the 6-2.0 mM concentration range of

constants on the order of £6) x 10° M~1s %, These also added substrate (see Figures 4 and 5). The germylene decays

compare quite favorably with absolute rate constants reportedshow quite clearly that despite rapid quenching, significant

for the reaction of MgGe with related molecules in the gas
3 i i - i 67) Sakai, Sint. J. Quantum Chenil998 70, 291.

phasé For_ example, rea_lctlon with acetylene and 1,3-butadiene Eesg S0 MD- Chuf?s__w_ AT Chem. Sot099 121, 11478,

proceed with pressure independent rate constants ef113L  (69) Neumann, W. P. Michels, E.; Kocher,T.la;rahedron Lett1987, 28, 3783.
11 1g-1 i i 70) Schriewer, M.; N , W. B. Am. Chem. S0d.983 105, 897.

x 1071 cmPmoleculels™, correspondlng .to sollutlon phase Eng Lgiyfg‘fvgaspar’ g‘_”gai;‘l’y‘he dmmgg‘l 10191";21_0 3 105

values of 6.6-7.8 x 10° M~1s71, while reaction with ethylene  (72) Ma, E. C. L.; Kobayashi, K.; Barzilai, M. W.: Gaspar, P.JPOrganomet.

is pressure dependent and proceeds Witk 6.9 x 10712 Chem.1982 224 C13.

(73) Krebs, A.; Berndt, Jretrahedron Lett1983 24, 4083.
(74) Egorov, M. P.; Kolesnikov, S. P.; Struchkov, Y. T.; Antipin, M. Y.; Sereda,

(63) Trinquier, G.J. Chem. Soc., Far. Tran4993 89, 775. S. V.; Nefedov, O. MJ. Organomet. Cheni.985 290, C27.

(64) Mochida, K.; Hasegawa, AChem. Lett1989 1087. (75) Ando, W.; Ohgaki, H.; Kabe, YAngew. Chem., Int. Ed. Endl994 33,

(65) Barrau, J.; Satge, J. Organomet. Chen1978 148 C9. 659.

(66) Sharma, H. K.; Cervantes-Lee, F.; Parkanyi, L.; Pannell, KOHjano- (76) Tokitoh, N.; Kishikawa, K.; Matsumoto, T.; Okazaki, Bhem. Lett1995
metallics1996 15, 429. 827.
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amounts of free germylene remain behind after the initial to >3mM in the case of TBE andg 15 mM with isoprene and
scavenging process is “complete”, resulting in continued forma- DMP, and we identify them as the initial products of the
tion of digermene over a prolonged time scale. As witpN\Et reactions of P§Ge with these reagents. The species obtained
this results in smaller StetfVolmer constants than the absolute from isoprene and DMP decay with mixed order kinetics under
ko-values would predict, based on the (248):1 correlation the usual conditions of our experiments, but this converges to
betweerKsy andkg that is observed for all the other scavengers good first-order kinetics at reduced laser intensities; that formed
studied in this work. by reaction of P§Ge with isoprene exhibits = 500 + 10 us,
From the initial and residual transient absorbance values for while that from DMP exhibitg = 1.2 + 0.1 ms. The species
the germylene as a function of scavenger concentration, it is formed from TBE is much longer-lived, decaying with reason-
possible to estimate the equilibrium constakig)for formation ably clean first-order kinetics and ~ 600 ms at a substrate
of the initial products of reaction with isoprene and DMP from concentration of 2.5 mM. These lifetimes presumably reflect
the relation of eq 9, where\Asppo and AAsgpres are the the rate constants for further unimolecular reaction of the three
(corrected) initial and residual absorbances due t&Brat 500 species.
nm in the presence of the scavenger at concentration [Q]. This In the case of the diene, the final product formed (under
assumes a 1:1 correspondence between the amounts of fregonditions of low light intensity) is the 1-germacyclopentene
germylene lost and product formed in the reversible process, derivative4 (see Scheme #¥;33this is true even in the presence
and treats the residual absorption as nondecaying. The latter ispf as much as 0.5 M of the died&so it is clear that further
in fact, approximately true on the time scale of the measurementsreaction of the initially formed transient species occurs strictly
for substrate concentrations higher than 0.5 mM, as the data ofpy a unimolecular pathway, leading presumably to this com-
Figure 5a show. Using the best-fit values of the initial and pound. Product studies with the alkene (DMP) indicate that the
residual transient absorbances from the nonlinear analyses ofpecies formed in this reaction does not lead to the formation
the decays of Figure 5a for [isoprere]0.3—2.0 mM, we obtain of a tractable product under conditions of photochemical
a value ofkeq= 6000+ 2500 M1 from a plot according to eq  generation, but rather to polymerization, which consumes even
9 (see Supporting Information), corresponding to a free energy the diene that is formed along with ®e in the primary
difference of AG = —5.1 &+ 0.3 kcal mof™. A similar photoprocess. The situation is less clear with TBE; our
calculation from the data obtained for DMP lead¥tg= 2500 preliminary experiments (see Supporting Information) indicate
+ 600 M~* and a free energy difference AiG = —4.6 4+ 0.2 that a single major product is formed in the early stages of the
kcal mol?; the complete data workup for the experiments with photolysis, but this is converted to one or more additional

the alkene are provided in the Supporting Information. products upon continued irradiation. These uncertainties aside,
our flash photolysis results suggest that the initially formed
KedQl ~ (AAsng 0~ AAgng red/ (AAspg red 9) intermediate in the reaction of F&e with DMP undergoes

Kinetic simulati h b loved i th lidi subsequent unimolecular reaction with a rate constant only ca.
Inetic simu a“OT‘S ave been employed to verlfyt evalidity tyice smaller than that of the intermediate detected in the
of the data analysis employed for the results for isoprene and

DMP, using similar values for the rate and equilibrium constants
to those determined above and rate constants-oflp!® M—1s~1

for the di- and oligomerization of B&e and2a, respectively.
The rate constant for dimerization of the germylene is a factor
of ca. 2 higher than the value estimated by us previotidyt this
is required (as is the value employed for the oligomerization of

. . ; While definitive assignments of the structures of the three
24) in order to reproduce the time scale of the digermene decay/. . .
' . i . . intermediates cannot be made on the basis of the data currently
growth profiles reasonably faithfully; we consider the difference

o 7 . at hand, the most obvious candidates are the three-membered
to be well within the limits of accuracy of our previous

determination. The simulations (see Supporting Information) germanocycles5—7 (egs 16-12); a seemingly less likely

- .~ possibility isst-complexes that could precede the formation of
afford germylene decay and digermene growth/decay profiles : . .
o L . these reactive molecules in some or all cases. The latter species,
that are qualitatively very similar to the actual data obtained

for isoprene and DMP over the 0-2.0 mM concentration which can be viewed in the same context as the Lewis-acid

: : . ._base complexes formed by germylenes with heteroatom donors,
range; furthermore, secondary analysis of the simulated data in o . . .
have been implicated in recent theoretical calculations on the

the same manner as employed for the real data returns values
for kg andKeq that are within 5% of the input values. We thus

reaction with isoprene; it is presumably this process that is
responsible for the formation of polymeric material in the steady
state experiment. The intermediate formed from TBE is
considerably more stable, undergoing further reaction with a
first-order rate constant some 3 orders of magnitude lower than

Ph,Ge:
conclude that the methods employed to extract the rate and PR cePh, — [ cePh, (10
equilibrium constants from the data, as crude as they may seem )\/ z
considering that the germylene decays proceed with mixed first- 5 4
and second-order kinetics, provide quite good approximations _
to the actual situation. Phiee' GePh,
As with the amines, addition of the three-C unsaturated = L\CH cvel 7 an
) . . . Z"CH,CMe 2%
compounds results in the formation of new, long-lived transient 2rs 6
absorptions at shorter wavelengths, centeretd,gt= 285 nm
i i i ~ i Ph,Ge: Ph
in the case of isoprene (see Figure 6), dpgk ~ 275 nm in _ A ge\ 2 s 12
the cases of DMP and TBE. These are the only species CMe,
HC=C-CMe, 7

detectable at “high” scavenger concentrations, which correspond
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reactions of ethylene with #&€667.68and MeGe 58 where they A number of common germylene reactions have been studied
exist as (very) shallow minima on the potential energy surfaces quantitatively in this work, including Lewis acitbase com-
for germirane formation. More recent calculations on the plexation with amines, Group 14 #H bond insertions, and
reaction of HGe with acetylene indicate that the formation of reaction with halocarbons, oxygen, and aliphatic alkynes,
germirene is 3.2 kcal mol more exothermic than that of alkenes, and dienes. The kinetics of a number of these reactions
germirane from HGe + ethylené® at the G2//QCISD/631- have been studied previously in the gas phase with the simpler
G(d) level of theory, but find no evidence for the involvement germylenes kiGe and MeGe. Where overlap with existing data
of as-complex in this reactiof With entropic factors included,  exists, the results reported here for,8k in hexane solution
the calculations suggest that formation of germirane fromn H correlate across the board with those reported previously for
Ge+ ethylene is exergonic by at most a few kcal migh.67.68 the gas-phase reactions of pBe with the same or similar
while the analogous formation of germirene is slightly more substrates, and in many cases provide additional information
so?! that would be much more difficult to unravel in gas-phase
In the end, the comparison to theoretical results for the smaller experiments.
systems seems to favor a germirem@ éssignment for the The most information-rich systems that we have studied in
species formed in the reaction of J&e with TBE; it is formed the present work are the reactions of 88 with C-C
effectively irreversibly and undergoes subsequent reaction unsaturated compounds. These reactions are generally thought
relatively slowly, presumably initiated via (unimolecular) ring to proceed via the initial formation of the corresponding three-
opening k ~ 2 s71). The situation is somewhat less clear for membered germanocycles, which we believe we have detected
the species detected as primary products in the reactions within our experiments, albeit with some reservation at the moment.
the alkene (DMP) and diene (isoprene), though we favor the With the specific substrates we have examined in this work,
germirane and vinylgermirane assignment, respectively, on thethe reactions with alkene and diene proceed reversibly while
basis of the differences in UV absorption maxima and lifetimes that with the alkyne is irreversible; this feature and the relative
of the two species. The calculations discussed above lead tolifetimes measured for these species are in good agreement with
the expectation that germirang &nd 6) formation should be what is known of the relative stabilities of such compounds from
somewhat less exergonic than the formatior7dfom TBE, gas-phase experiments and theoretical calculations on smaller
which is consistent with the fact that the former are reversible molecules, as well as the numerous attempts by others to
while the latter is not. Further work is required in order to synthesize stable analogues.
establish the identity of these species conclusively, and to  Further work on the kinetic and thermodynamic details of
elaborate on their chemical and spectroscopic behavior. Clearly,several of these and other reactions of diaryl-, alkylaryl, and
the kinetics of the reactions of germylenes with alkenes and dialkylgermylenes in solution is in progress in our laboratory.
dienes can be expected to be exquisitely sensitive to temperature
and substituent effects (on both the germylene and the substrate)EXperimental Section

and a greaF deal remains to be learned from further study of Compoundla was synthesized as described previodéliexanes
these reactions. (EMD Omnisolv) for laser flash photolysis experiments was dried by
refluxing for several days under argon over sodium/potassium amalgam
) . . ) followed by distillation. Each of the scavengers investigated in this

Diphenylgermylene (Pi®&e) is a highly reactive, ground state  work were obtained from commercial sources in the highest purity
singlet species whose direct detection in solution by time- available. The amines were refluxed over solid KOH for 12 h and
resolved UV/vis spectroscopy requires generation in sufficiently distilled, while triethylsilane BSiH, triethylgermane (8GeH), and tri-
high concentrations that dimerization to the corresponding n-butylstannane (B#SnH) were stirred at room temperature for 18 h
digermene Za) is difficult to avoid. The digermene is formed  over lithium aluminum hydride and distilled under mild vacuum. £ClI
at or very close to the diffusion-controlled rate in hexane at 23 Was refluxed over phosphorus pentoxide and distilled. Chloroform,
°C, and its absorption spectrum overlaps strongly with the hexachloroethane (Clg), and 4,4-dimethyl-1-pentene (DMP) were
significantly weaker spectrum due to the germylene at longer 9"€d by passage through a silica gel column, while isoprene, 3,3-

. L - . dimethyl-1-butyne (TBE), and 1-bromopentane were distilled at

wavelengths. Despite the complexities this introduces in the

kinetic behavi fh | in th f atmospheric pressure.
inetic behavior of the germylene In the presence of scavengers, Laser flash photolysis experiments employed the pulses from a

it prowdesausgful quahltatlv'e prope of several |mport§nt details | ambda Physik Compex 120 excimer laser filled with/k§/Ne
of the scavenging reaction, _|nC|Ud"_19 Its general_effluency and mixtures (248 nm~25 ns; 100+ 5 mJ), and a Luzchem Research
whether it proceeds reversibly. With our experimental setup, mLFP-111 laser flash photolysis system, modified as described
the observation of good first-order kinetics in the germylene previously3? Solutions were prepared at concentrations such that the
decays requires the presence of sufficient scavenger to reducebsorbance at the excitation wavelength was between ca. 0.7 and 0.9,
its lifetime to less than Ls, when the scavenging reaction is and were flowed continuously through a thermostatesk 7 mm
“irreversible” (i.e., Keq > ca. 2 x 10* M~1). Within more Suprasil flow cell connected to a calibrated 100 mL reservoir, fitted
stringent limits, absolute rate constants for reactions of the with a glass frit to allow bubbling of argon gas through the solution
digermene can also be determined: in general however, doingfor at _Ieast 30 min prior to and then thrqughout the duration of each
. . . xperiment; the entire apparatus was dried in a vacuum oven-at 65
so accurately requires that scavenging of the digermene procee@

ith t tant that i th fact 53 5 °C before use. Solution temperatures were measured with a Teflon-
with a rate constant that 1s no more than a factor-ebsower coated copper/constantan thermocouple inserted directly into the flow

than the corresponding reaction with its (germylene) precursor. .o Reagents were added directly to the reservoir by microliter syringe
This is in fact rarely the case, but in most instances it is at least a5 aliquots of standard solutions. In experiments with those scavengers
possible to estimate a reasonable upper limit of the rate constanthat absorb at the laser wavelength, the concentrations employed were
for reaction of the digermene. kept low enough to ensure that the fraction of the excitation light

Summary and Conclusions
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Transient decay and growth rate constants were calculated by
nonlinear least-squares analysis of the absorbance-time profiles using Supporting Information Available: Transient absorption
the Prism 3.0 software package (GraphPad Software, Inc.) and theSpectra and decay profiles of ®¥e-amine complexes and the

appropriate user-defined fitting equations, after importing the raw data . . .
from the Luzchem mLFP software. Rate constants were calculated bytran3|ent products of reaction of e with DMP and TBE,

linear least-squares analysis of decay rate-concentration data (generall)decay/grOMh profiles_for PiEe an<_:12ain the prese_nce Of{_)3 ]
4—7 points) that spanned as large a range in transient decay rate adnM DMP and resulting quenching plots, details of kinetic
possible. Errors are quoted as twice the standard deviation obtainedsimulations, and NMR spectra showing the results of photolysis

from the least-squares analyses. of 1a with DMP and TBE. This material is available free of
Kinetic simulations were carried out using KinTekSim version 3.0.3 charge via the Internet at http://pubs.acs.org.
(KinTek Corp.)’”
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